Synthesis and Properties of Ferroelectric Perovskite Oxide Thin Films by Akbasheu, Andrei
 Synthesis and Properties of Ferroelectric Perovskite Oxide Thin Films 
 
A Thesis 
Submitted to the Faculty 
of 
Drexel University 
by 
Andrei Akbasheu 
in partial fulfillment of the 
requirements for the degree 
of 
Doctor of Philosophy 
December 2015 
 
  
 
 
ii 
© Copyright 2015 
Andrei Akbasheu. All Rights Reserved. 
 
 
iii 
ACKNOWLEDGMENTS 
 
 
First of all, I would like to gratefully thank my advisor Prof. Jonathan Spanier for 
being incredibly supportive, encouraging and helpful, for introducing me into a new field 
of photovoltaic ferroelectrics and letting me conduct the research in several completely 
different directions at the same time. This has given me a unique combination of 
experience and allowed to fully apply my knowledge in chemistry and physics to 
challenge the scientific problems. Prof. Spanier has always been supportive for my new 
ideas and provided very helpful guidance for their realization. I am immensely grateful to 
him for the unique opportunities that significantly broadened my research experience and 
technical skills and will undoubtedly be crucial for pursuing an academic carrier in the 
future. 
I would like to thank the committee members Prof. Peter Davies, Prof. Steven 
May, Prof. Mitra Taheri, and Prof. Goran Karapetrov for the time they spent on this 
dissertation as well as for the guidance and valuable comments. 
I am grateful to the former and current members of the Mesomaterials Laboratory 
for their help. In particular, I would like to thank Dr. Guannan Chen for helpful 
discussions and sharing his experience about the electrical measurements, Dr. Feng Yan 
for building the PLD system and his initial guidance on the PLD use, Aleksandr Plokhikh 
for the XPS measurements. I am especially thankful to Zongquan Gu, Dominic Imbrenda 
and Matthias Falmbigl for the time they shared to discuss the results, exchange news and 
ideas, for being helpful and supportive. 
 
 
iv 
I would like to thank the staff members of the Centralized Research Facility at 
Drexel: Dmitri Barbash, Craig Johnson and Ed Basgall, for their help with the 
characterization facilities. 
My deepest thanks also go to Liyan Wu from University of Pennsylvania, who 
was always ready to prepare new ceramic targets for my PLD experiments, exchange the 
ideas and discuss the results. I am also very grateful to Prof. Peter Davies for guiding 
both Liyan and me in the target preparation and the discussion of the results. 
I would like to thank Dr. Peter Maksymovich (Oak Ridge National Lab.) and Dr. 
Albina Borisevich for being very hostile during my day-and-night experiments at the 
ORNL, providing guidance and help with the data acquisition, analysis and interpretation. 
I also thank Dr. Samuel Lofland for the additional, but crucial X-ray diffraction 
experiments performed by him at Rowan University. Special thanks go to T. Parker, D. 
Schreiber and M. Ivill at the Army Research Laboratory (APG) for the RBS data 
collection and interpretation. I would also like to thank Teng Tan and Prof. Xi (Temple 
University) for the magnetization measurements.  
Funding from the US Army Research Office under grant number W911NF-14-1-
0500, Semiconductor Research Corporation under the Nanoelectronics in 2020 and 
Beyond program (DMR 1124696), and Office of Naval Research under grant number 
N00014-15-11-217 in support of this work are acknowledged. 
I am grateful to the MSE department staff Yenneeka West, Keiko Nakazawa, 
Sarit Kunz, Dorilona Rose, and Leslie Anastasio. 
	 	
 
 
v 
TABLE OF CONTENTS 
TABLE OF CONTENTS .................................................................................................... v	
LIST OF TABLES ........................................................................................................... viii	
LIST OF FIGURES ........................................................................................................... ix	
LIST OF ABBREVIATIONS ......................................................................................... xvii	
ABSTRACT ..................................................................................................................... xix	
LITERATURE SURVEY ................................................................................................... 1	
1.1	 Atomic Layer Deposition ....................................................................................... 1	
1.1.1	 Basic principles of ALD .................................................................................. 2	
1.1.2	 Applications of ALD ....................................................................................... 5	
1.1.3	 Crystallization and epitaxialization of thin films ............................................ 6	
1.1.4	 Complex oxide thin films by ALD ................................................................ 10	
1.2	 Ferroelectric Materials for Photovoltaics ............................................................. 12	
1.2.1	 The bulk photovoltaic effect .......................................................................... 12	
1.2.2	 Experimental observation of the photovoltaic effect in ferroelectrics .......... 15	
Chapter 2:	 SYNTHESIS AND CHARACTERIZATION OF MATERIALS ............... 21	
2.1	 Atomic Layer Deposition of Binary Oxides ........................................................ 21	
2.1.1	 Growth of FeOx. ............................................................................................ 22	
2.1.2	 Growth of BiOx. ............................................................................................. 22	
2.2	 Atomic Layer Deposition of Complex Oxides ..................................................... 23	
2.3	 Pulsed Laser Deposition of Oxide Thin Films ..................................................... 24	
2.3.1	 Preparation of the ceramic targets for PLD ................................................... 26	
2.3.2	 Growth of other doped perovskite oxide films .............................................. 26	
 
 
vi 
2.3.3	 Growth of pure and doped KNbO3 films ....................................................... 27	
2.3.4	 Growth of conducting oxide layers ............................................................... 27	
2.4	 Characterization ................................................................................................... 28	
2.4.1	 X-Ray Diffraction and Reflectivity ............................................................... 28	
2.4.2	 Scanning Electron Microscopy ...................................................................... 28	
2.4.3	 Transmission Electron Microscopy ............................................................... 29	
2.4.4	 Atomic Force Microscopy and Piezoresponse Force Microscopy ................ 29	
2.4.5	 X-ray Photoelectron Spectroscopy ................................................................ 30	
2.4.6	 Spectroscopic Ellipsometry ........................................................................... 30	
2.4.7	 Ferroelectric and photovoltaic measurements ............................................... 31	
2.4.8	 Magnetic measurements ................................................................................ 32	
2.4.9	 Rutherford Backscattering Spectroscopy ...................................................... 32	
Chapter 3:	 Growth of epitaxial films using ald .............................................................. 33	
3.1	 Growth of Amorphous Oxide Films ..................................................................... 33	
3.2	 Epitaxial BiFeO3: Crystallization and Characterization ....................................... 36	
3.3	 In situ studies of epitaxial crystallization ............................................................. 45	
3.4	 Impurity Phases in the Crystallized Films ............................................................ 53	
Chapter 4:	 Ferroelectric materials for photovoltaics ..................................................... 65	
4.1	 Growth and Characterization of KNbO3-based materials .................................... 65	
4.2	 Probing ferroelectric switching on the nanoscale in the KBNNO films. ............. 76	
4.3	 Ferroelectric Thin Films based on BaTiO3 .......................................................... 91	
Chapter 5:	 CONCLUSIONS AND FUTURE WORK ................................................ 108	
APPENDIX ..................................................................................................................... 112	
 
 
vii 
BIBLIOGRAPHY ........................................................................................................... 117	
VITA ............................................................................................................................... 132	
 
  
 
 
viii 
LIST OF TABLES 
Table 1. Chemical composition obtained using EDS and XPS. ....................................... 93	
Table 2. ALD recipe for the growth of Bi-O film. ......................................................... 112	
Table 3. ALD recipe for the growth of Fe-O film. ......................................................... 113	
Table 4. ALD recipe for the growth of Bi-Fe-O film. .................................................... 114	
 
 
ix 
LIST OF FIGURES 
Figure 1. Atomic layer deposition process for the deposition of the oxide layer. The film 
thickness is controlled by the number of repeated cycles. .................................................. 3	
Figure 2. Temperature dependence of a growth rate and density of the HfO2 film grown 
by ALD [18]. Reproduced by permission of The Electrochemical Society. ...................... 4	
Figure 3. Schematic illustration of a photoexcitation of a ferroelectric by a visible light, 
which results in the development of an open-circuit photovoltage and a short-circuit 
photocurrent. ..................................................................................................................... 14	
Figure 4. Current-versus-time along the c axis of the LiNbO3 crystal when the a face of 
the crystal was illuminated with a UV light from the mercury discharge lamp [60]. 
Reprinted with permission from [60]. Copyright 2003, AIP Publishing LLC. ................ 16	
Figure 5. Spectral dependences of the absorption coefficient and photoinduced current 
density of reduced and unreduced KNbO3:Fe [59]. Reprinted with permission from 
Taylor & Francis. .............................................................................................................. 17	
Figure 6. (a) The solar spectrum and the band gap values for Si, CdTe, BiFeO3 and 
KBNNO. (b) The measurements of the band gap for different x of KBNNO based on 
ellipsometry results. The band gap value is evident from the intersection of the dashed 
line with the ordinate axis. (c) Short-circuit photoconductivity of the 20-µm-thick 
KBNNO pellet demonstrating the ferroelectric photovoltaic effect under a broad-
spectrum lamp illumination [73]. ...................................................................................... 18	
Figure 7. The ALD system Savannah 100 developed by Cambridge Nanotech, which was 
used in this work for the growth of oxide thin films. ........................................................ 21	
Figure 8. PLD system used. ............................................................................................. 25	
Figure 9. Interior of the PLD chamber. ............................................................................ 26	
Figure 10. Schematic illustration of atomic layer deposition process of Bi-Fe-O: 
precursor molecules (Bi(mmp)3 in the Figure) delivered by a vapor pulse on the surface 
of the Bi-Fe-O amorphous layer producing a Bi-O layer; molecules are then oxidized by 
ozone (O3). Following this, the sample is exposed to a vapor pulse of Fe(C5H5)2 
 
 
x 
producing Fe-O layer, subsequently followed by oxidation using O3. The process of 
alternating pulses of selected number and duration is optimized to produce the desired 
post-anneal stoichiometry and structural quality in the resulting film (not shown) [85]. . 33	
Figure 11. The dependence of the growth rate on the substrate temperature (left) and 
number of cycles (right). Error bars are derived from the roughness of the films [85]. ... 34	
Figure 12. X-ray reflectivity of typical as-deposited Bi-Fe-O and individual oxides thin 
films on the SiO2/Si substrate, showing an atomic smoothness of the film [85]. ............. 35	
Figure 13. (a) XRD patterns and (b) XRR scans of the as-deposited Bi-Fe-O films grown 
at 300 and 350°C [85]. ...................................................................................................... 36	
Figure 14. (a) XRD scans of a typical BiFeO3 thin film grown on SrTiO3 and annealed in 
air at 700°C. (b) Rocking curves (ω scans) of the (001) reflection of the BiFeO3 thin film 
and the SrTiO3 substrate show a high orientational quality of prepared perovskite film. (c) 
φ-scans of the (101) BiFeO3 and (101) SrTiO3 showing the epitaxy after the film is 
crystallized [85]. ............................................................................................................... 38	
Figure 15. A simultaneous growth of BiFeO3 (Bi:Fe>1) on the SiO2/Si (top) and SrTiO3 
substrates. Perovskite BiFeO3 grows oriented on both substrates. The stars mark the 
unknown phase crystallized on SiO2/Si [85]. ................................................................... 39	
Figure 16. (a) Low-resolution TEM image of the BiFeO3 thin film grown on (001) 
SrTiO3; (b-c) SAED of the BiFeO3 film and SrTiO3 substrate; (d-e) high-resolution TEM 
image of the interface between BiFeO3 and SrTiO3 and corresponding Fourier-filtered 
image showing the absence of misfit dislocations at the interface [85]. .......................... 41	
Figure 17. Representative hysteresis behavior of ferroelectric piezoelectric (a) amplitude 
and (b) phase in an ALD-grown heteroepitaxial BiFeO3(001) thin film grown on 
Nb:SrTiO3(001); (c) representative topographic height and (d) piezoresponse force 
microscopy (PFM) amplitude contrast images of the BiFeO3/Nb:SrTiO3 film surface 
exhibiting patterned domains following successive writing of two square-shaped regions 
(one within the other) written using Vtip = +/-10V, and read using a tip voltage Vac of 500 
mV. Rectangular islands of sillenite phase do not exhibit switching for the voltages 
applied, but do not disrupt the domain imaging [85]. ....................................................... 42	
Figure 18. M(H) hysteresis loops measured on BiFeO3/SrTiO3 at different temperatures.
........................................................................................................................................... 44	
 
 
xi 
Figure 19. FC and ZFC M(T) dependences of the BiFeO3 thin film crystallized on 
SrTiO3. The temperatures T*, T1 and T2 mark the positions of noticeable changes of the 
mangetic moment on the curve. ........................................................................................ 45	
Figure 20. X-ray diffraction patterns collected in situ during crystallization of amorphous 
Bi-Fe-O thin films initially grown by ALD. The appearance of the (001)BiFeO3 during 
crystallization was observed for the (a) (001)LaAlO3 and (b-c) (001)SrTiO3 substrates. 
Dashed grey arrows show the direction of the temperature increase. In (c) the (001) 
reflection of BiFeO3 started to decay with a further increase of temperature. (d) The 
change of the intensity of the (001) peak from BiFeO3 during crystallization on different 
substrates [99]. .................................................................................................................. 47	
Figure 21. (a) X-ray diffraction patterns of BiFeO3 grown by ALD and post-growth 
annealing, on (001) SrTiO3 and (001) LaAlO3. The peaks with grey dots are the 
reflections from the stage and are not related to the samples. (b-c) Reciprocal space maps 
of the (103) reflection of the (001) BiFeO3 film grown on (001) SrTiO3 and (001) 
LaAlO3. BFO, STO and LAO in the Figure state for BiFeO3, SrTiO3 and LaAlO3, 
respectively [99]. ............................................................................................................... 48	
Figure 22. (a) TEM image and (b) the corresponding Fourier-filtered image showing 
periodic misfit dislocations at the interface between the BiFeO3 and LaAlO3. (c-d) High-
resolution image of the interface area and the dislocations showing that the dislocation 
cores are surrounded by defect-induced variation of lattice spacing. (e) Selected-area 
electron diffraction collected at the film- substrate interface indicates an overall 
unstrained state of BiFeO3 [99]. ........................................................................................ 50	
Figure 23. (a-d) XPS of as-grown amorphous Bi-O, Fe-O and Bi-Fe-O thin films. (e-f ) 
In situ X-ray photoemission spectra collected for the carbon C 1s peak of the Bi-Fe-O 
film during annealing (see the timeline in the experimental section). The red dashed line 
is a guideline that reflects the carbon peak intensity change with temperature. ............... 52	
Figure 24. Phase diagram of the Bi2O3-Fe2O3 system [86]. Reproduced by permission of 
the American Physical Society. ........................................................................................ 54	
Figure 25. An XRD pattern of the film grown at 250°C and annealed at 700°C for 3 
mins. .................................................................................................................................. 55	
Figure 26. (a-b) SEM images of the sillenite Bi26-xFexO40-y phase crystallized on the 
surface of the BiFeO3 film with Bi:Fe>1; (c-f) EDX maps of chemical elements taken 
from the region shown in (b). ........................................................................................... 56	
 
 
xii 
Figure 27. SEM image of the morphology and the XRD pattern (inset) of the annealed 
BiFeO3 thin film (~50 nm thick). ...................................................................................... 56	
Figure 28. (a) A sillenite cube on top of BiFeO3 and an unknown phase; (b) a high-
resolution image of the unknown phase; (c) the growth of the unknown phase on SrTiO3.
........................................................................................................................................... 57	
Figure 29. XRD patterns collected during in situ annealing of the Bi-O thin film on (001) 
SrTiO3. Large gray dots designate the peaks coming from the hot stage. The crystal 
structure of Bi2O2.3 phase is given on the right. ................................................................ 59	
Figure 30. In situ XRD study showing crystallization of the Bi-Fe-O thin film with the 
“sillenite chemical composition” (initial stoichiometry: Bi:Fe = 9:1). No traces of 
bismuth were found in the film after the in situ experiment, implying its complete 
evaporation at high temperature. Large gray dots designate the peaks coming from the hot 
stage. On the right the crystal structures of the sillenite phase (Bi26-xFexO39), Bi2Fe4O9 
and binary bismuth oxide (most stable α-Bi2O3) are shown. ............................................ 61	
Figure 31. In situ crystallization of epitaxial (111) δ-Bi2O3: (a) the appearance of the 
(111) peak with temperature; (b) full XRD patterns showing that only δ-Bi2O3 crystallizes 
during in situ annealing. The temperature dependence of the intensity of the (111) peak is 
in the inset. ........................................................................................................................ 63	
Figure 32. SEM images of the KBNNO thin films grown on (001)SrTiO3 with different 
molar ratios between A=(K+Ba) and B=(Nb+Ni): (a-b) A:B = 2.48, (c-d) A:B = 1.56, (e-
f) A:B = 1.43, (g-i) A:B = 0.88. The chemical composition was determined using EDS 
analysis and corrected using RBS. A clear change in morphology is observed when 
moving from the K-rich surface (a-d), which presumably contains mainly KOH/K2CO3, 
to thin films with a moderate excess in K (e-f) with dendric formations, to a clean "cube-
on-cube" surface (g-i) when the potassium concentration is low enough to produce phase-
pure perovskite KBNNO thin film. ................................................................................... 66	
Figure 33. SEM image of the KBNNO thin film grown on (111) SrTiO3. ...................... 67	
Figure 34. (a) X-ray reflectivity results (colored curves) and their fitting for the KNbO3 
thin films having different thicknesses. (b) XRR scan for a 122 nm KBNNO film on 
(001) SrTiO3. The films are uniform and have a maximum roughness of several 
ångströms. ......................................................................................................................... 68	
 
 
xiii 
Figure 35. (a) Typical X-ray diffraction patterns showing only (00l) peak series for thin 
(< 100 nm) KBNNO and KNbO3 films as well as for a thick (~400-800 nm) KNbO3 film. 
(b) The (002) reflections for the KNbO3 films of different thicknesses; a thick film 
demonstrates a doublet of peaks - one being essentially similar to the peaks for the thin 
films and the main peak having a smaller d(002) spacing. (c) Rocking curves for the 
(001)KNbO3 films that are 52 and 23 nm in thickness. Reciprocal space maps for the 
(103) reflections from the (d) KBNNO/LaAlO3(001), (e) KBNNO/SrTiO3(001) and (f) 
KNbO3/SrTiO3(001). ........................................................................................................ 70	
Figure 36. HAADF STEM images of the KBNNO/SrRuO3/SrTiO3 cross-sectional 
specimen viewed in the [110] zone axis. The specimen shows planar defects (a-c) 
composed of low-contrast element (presumably double potassium layers) that can appear 
either at the KBNNO-SrRuO3 interface or inside the KBNNO film. In many cases the 
double layers of K act as crystallographically "independent" layers, which results in the 
relaxation of the on-grown KBNNO layer (d-e). Chemical mapping of potassium using 
electron energy-loss spectrometry shows a clear double potassium layer in the planar 
defect (g-h). In (i) EEL spectra of the O K edge across such a defect are shown. ........... 72	
Figure 37. Extended energy-loss fine structures (EXELFS) for the K L2,3, Nb M2,3, Nb 
M4,5 and O K edges in the KBNNO thin films (accumulated from the HAADF STEM 
image shown on the left). .................................................................................................. 74	
Figure 38. A typical ferroelectric polarization loop measured for the KBNNO film. Blue 
curve corresponds to the 50 Hz and red curve – to 100 Hz. ............................................. 75	
Figure 39. Room-temperature band-excitation PFM results of the KBNNO thin film. (a-
b) Band-excitation spectra (ω is the excitation frequency) that change under the excitation 
of the triangular wave form (divided into 64 steps). The (a) is the PFM amplitude, (b) is 
the PFM phase. These band-excitation spectra represent the data averaged over the 15x15 
point array. ........................................................................................................................ 77	
Figure 40. Room-temperature band-excitation PFM results of the KBNNO thin film. (c-
d) The "bias" slices for the 25th step (when U = 3.5 V) and the 50th step (when U = -6.56 
V) that demonstrate the variation of the resonance frequencies over the scanned area. (e-
h) Spectral band-excitation data for some of the individual points showing the variation 
of the resonance frequency with bias (steps). ................................................................... 79	
Figure 41. The map of the PFM loops obtained from the KBNNO film using band-
excitation PFM at room temperature (in each point three loops are averaged). The loops 
framed with red squares show real switching events. The area colored in blue depicts 
either non-switching or poorly switching events. ............................................................. 81	
 
 
xiv 
Figure 42. The amplitude maps of the piezoresponse change (Zmax-Zmin) of the KBNNO 
thin film obtained in the band-excitation PFM measurements at different temperatures. 
Each square point on the map is 33 nm in size for the temperatures of 175 K and above 
(for 120 K the point size is 20 nm). The scan size is 500 nm. The color bar on the right 
represents the piezoresponse change in arbitrary unites and is the same for each map 
(fixed scale). ...................................................................................................................... 83	
Figure 43. Room-temperature SPM measurements of the KNbO3 thin film (66 nm thick). 
(a) AFM image of the scanned area with the overlaid 15x15 grid, in each point of which 
the I-V was measured. (b-c) Typical I-V curves for different points of the grid. (d-f ) The 
slices at a particular bias (-3 V, 0.3 V and 3 V, respectively) showing the electric current 
variation over the scanned region of the film. .................................................................. 84	
Figure 44. SPM measurements of the KNbO3 film (66 nm thick) carried out at 135 K. (a) 
AFM image of the explored area. (b-e) The slices at -20, -2.5, 2.5 and 13 V, where the 
variation of the electric current over the scanned area can be observed. (f-h) I-V (top) and 
Z-V (bottom) curves obtained in three consecutive measurements from one area. .......... 86	
Figure 45. (a) HAADF STEM image of the KBNNO film ([-110] zone axis). (b)The 
distance between the K and Nb columns plotted for the red-squared region showing the 
periodic change in the distance between the neighboring K and Nb atoms. .................... 88	
Figure 46. (a) X-ray diffraction (2θ/ω-scan) and (b) RSM of the BTNNO film grown on 
(001) SrTiO3. ..................................................................................................................... 91	
Figure 47. Energy-dispersive X-ray spectrum collected from the BTNNO thin film. ..... 92	
Figure 48. Low-magnification (left) and high-resolution (right) TEM images of the 
BTNNO/LSMO interface (shown by the white arrows). .................................................. 93	
Figure 49. X-ray photoelectron spectra of the BTNNO film on conducting (001) 
Nb:SrTiO3. ........................................................................................................................ 94	
Figure 50. XPS of the Ni 2p3/2 states revealing the present of both Ni2+ and Ni3+. ......... 95	
Figure 51. (a) XPS of the valence band electronic states of the BTNNO film on 
conducting Nb:SrTiO3. (b) The same spectrum near the Fermi level (background-
subtracted) with approximated band values. ..................................................................... 96	
 
 
xv 
Figure 52. Absorption coefficients of the bulk BTNNO as compared to silicon (data from 
[155]. ................................................................................................................................. 97	
Figure 53. Single-pad measurements of (a) 80-nm and (b) 130-nm the BTNNO film 
grown on LSMO/STO(001). ............................................................................................. 98	
Figure 54. Schematics for the single-pad and double-pad measurements used in the 
experiments. ...................................................................................................................... 99	
Figure 55. (a) Ferroelectric switching of the 130-nm BTNNO film in the double-pad 
geometry on LSMO/SrTiO3 (time-dependent-filtered at 100 and 200 Hz). (b) 
Capacitance-versus-voltage measurements of the same film at room temperature. ......... 99	
Figure 56. Time dependence of the current collected after the BTNNO film was poled by 
+25 V pulse. The laser (532 nm) was turned on at ~50 s (marked as “ON” on the graph).
......................................................................................................................................... 100	
Figure 57. I-V characteristics of the BTNNO film measured under illumination (colored 
curves) and in dark (black curves). The photocurrent was collected both after positive and 
negative poling. The I-V was collected starting from 0 V, then to +Vmax, down to –Vmax, 
then back to 0 V. ............................................................................................................. 102	
Figure 58. Ferroelectric switching of the 130-nm BTNNO film in the double-pad 
geometry. ........................................................................................................................ 103	
Figure 59. (a) Time dependence of the current collected after the BaTiO3 film (320 nm of 
the total thickness measured) was poled by +25 V pulse. The laser (532 nm) was turned 
on at ~80 s. (b) I-V characteristics of the same film measured under illumination (colored 
curves) and in dark (black curves). The inset in (b) shows enlarged part of the I-V curve 
with open-circuit voltage and short-circuit current. ........................................................ 104	
Figure 60. Cross-sectional SEM image of the 160-nm-thick BaTiO3 sample. .............. 105	
Figure 61. (a) I-V curves measured under different intensities. (b) The dependence of the 
photovoltaic current (at 0 V) on the intensity of the laser (476 nm). The values for the 
photovoltaic current are taken as averaged between the two upper and lower points of the 
I-V loop at 0 V. The error bars represent half the distance between the upper and lower 
points. .............................................................................................................................. 106	
 
 
xvi 
Figure 62. Tauc-Lorentz oscillators and their coefficients obtained in the fitting of the 
spectroscopic ellipsometry data. ..................................................................................... 115	
 
  
 
 
xvii 
LIST OF ABBREVIATIONS 
AFM  atomic force microscopy 
ALD  atomic layer deposition 
BNNO  barium nickelate niobate (BaNi1/2Nb1/2O3-δ) 
BTNNO barium titanate nickelate niobate ([BaTiO3]1-x[BaNi1/2Nb1/2O3-δ]x) 
CMOS  complementary metal-oxide semiconductor 
cp  cyclopentadienyl 
CVD  chemical vapor deposition 
DNA  deoxyribonucleic acid 
EDS  energy-dispersive X-ray spectroscopy 
EELS  electron energy loss spectroscopy 
EXELFS extended energy-loss fine structures 
FeRAM ferroelectric random access memory  
FIB  focused ion beam 
FWHM full width at half maximum 
HAADF high-angle annular dark-field 
ITO  indium tin oxide 
KBNNO potassium barium nickelate niobate ([KNbO3]1-x[BaNi1/2Nb1/2O3-δ]x) 
mmp  1-methoxy-2-methyl-2-propoxy 
MOSFET metal-oxide-semiconductor field-emission transistor 
MOCVD metal-organic chemical vapor deposition 
ph  phenyl 
PFM   piezoresponse force microscopy 
 
 
xviii 
PLD  pulsed laser deposition 
PZT  lead zirconate titanate 
SAED  selected-area electron diffraction 
SEM  scanning electron microscopy 
SWCN  single-wall carbon nanotube 
(S)TEM (scanning) transmission electron microscopy 
thd  2,2,6,6-tetramethyl-3,5-heptanedionate 
UHV  ultra-high vacuum 
UPS   ultraviolet photoelectron spectroscopy 
XPS  X-ray photoelectron spectroscopy 
XRD   X-ray diffraction 
XRF  X-ray fluorescence 
XRR  X-ray reflectivity 
YSZ  yttria-stabilized zirconia 
ZFC/FC zero-field-cooled/field-cooled 
 
 
  
 
 
xix 
ABSTRACT  
Synthesis and Properties of Ferroelectric Perovskite Oxide Thin Films 
Andrei Akbasheu 
Advisor: Prof. Jonathan E. Spanier 
 
 
 The growth of oxide thin films has long been of great interested for materials 
scientists for the application in advanced technologies such as nanoelectronics, 
photovoltaics and sensors. Atomic layer deposition (ALD) is known for being a non-
expensive, low-vacuum and low-temperature deposition method able to conformally coat 
even high-aspect-ratio materials and structures. ALD has been mainly applied to prepare 
binary oxides such as ZnO and TiO2, and the synthesis of functional complex oxides such 
as BiFeO3 and CoFe2O4 has little been studied.  
 In the first part of this work, the application of ALD to the preparation of complex 
oxide thin films based on the Bi-Fe-O system is explored. The important aspects of the 
ALD approach such as (a) the growth of amorphous Bi-Fe-O by ALD, (b) the epitaxial 
crystallization of the multiferroic perovskite BiFeO3 films on different substrates, (c) 
appearance of impurity phases in the films are addressed. Ultimately, the dissertation 
aims at dispelling the widely held notion that atomic layer deposition is not appropriate 
for attaining high-quality chemically complex oxide films in the epitaxial form, 
demonstrating the applicability as an inexpensive, facile, and highly scalable route.  
 The second part of this work is devoted to the preparation and characterization of 
new ferroelectric thin films as photovoltaic materials. Large optical band gaps of 
ferroelectric oxides make the optical absorption impractical for solar cell applications.  
Recently a new strategy for band gap lowering by doping the perovskite KNbO3 with Ba 
 
 
xx 
on the A-site and Ni on the B-site resulting in the generation of Ni2+-O vacancy pairs has 
been shown to significantly increase the optical absorption without loss of 
ferroelectricity. Using pulsed laser deposition, the synthesis approach to thin films of 
these new oxides was developed despite significant challenges for the stoichiometry 
control. The chemical doping approach to the reduction of the band gap was extended to 
produce new visible-light-absorbing ferroelectric thin films in another perovskite oxide. 
These materials showed a switchable photovoltaic effect under the visible light 
illumination along with the retention of the ferroelectric order. This dissertation 
demonstrates the feasibility of thin film deposition of aforementioned doped ferroelectric 
oxide perovskites and their ferroelectric photovoltaic properties, which can be extended 
to other ferroelectric oxides, and provide important information on the synthesis of such 
materials as thin films. 
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 LITERATURE SURVEY 
1.1 Atomic Layer Deposition 
 The design of modern electronic devices, including complex sensors, transistors, 
field convertors, and various types of memories requires materials with unique properties 
such as high tunneling magnetoresistance and spin filtering efficiency (CoFe2O4), high-κ 
dielectricity (HfO2, LaLuO3), strong magnetic anisotropy (BaFe12O19), multiferroicity 
(BiFeO3, LuMnO3), and superconductivity (YBa2Cu3O7-δ). In the light of rapid industrial 
development, thin films of oxides receive much attention today as potential materials for 
the current and future applications in such technological fields as electroluminescent 
displays, solar energy devices, catalysis, dynamic random access memories (DRAM), as 
well as protective and functional coatings of nano- and micro-structures [1].  
In 1952, Valentin B. Aleskovskii proposed a concept of “Molecular layering”, the 
idea presumably originated from well-known chemical modification of surfaces by gas 
molecules, which later, in early 1960s, had evolved into one of the mainstreams of his 
laboratory. In 1976 Tuomo Suntola patented a method and experimental setup for the 
growth of thin films, grounding an important milestone for a novel thin-film deposition 
technique and its future worldwide industrial application. Over the last few decades 
atomic layer deposition (ALD) of thin films has become one of the most widely 
implemented and application-oriented techniques as it easily produces atomically smooth 
conformal thin films of numerous inorganic materials and is regarded as an energy-
efficient and environmental-friendly technique [1-5]. ALD not only has a competitive 
advantage in the conformal coating of high-aspect-ratio structures, but also allows for a 
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very easy atomic control of the thickness over large substrate areas without the necessity 
of expensive high vacuum and complex network of precursor flows over the substrates. 
Currently, new interesting improvements and applications of ALD concepts are in 
development: plasma-assisted ALD [6], electrochemical ALD, where the phenomenon of 
under-potential deposition is used for atomic control of the film thickness in a solution [7, 
8], liquid-injection ALD, where the precursor(s) is dissolved in a solution (that can 
readily evaporate in the reactor) and then delivered by pulsing the solution into the 
chamber [9], atmospheric-pressure plasma-assisted ALD [10], radical-assisted ALD [11, 
12], selective-area ALD, where a specific layer, which passivates the surface against 
ALD growth,  is added in certain areas on the substrate [13, 14]. Modelling of ALD 
processes is also under intense development, yet in most cases modeling the deposition of 
complex materials (surface coverage, growth rate, pulse ratio, best temperature and pulse 
duration) becomes too difficult to be justifiable. However, it is important to note that 
modeling of ALD is very important to understand the basic underlying mechanisms and 
their interrelations [15, 16]. With a large research community and a great potential for 
further development and industrial implementation. 
 
1.1.1 Basic principles of ALD 
 ALD relies on self-terminating and separated adsorption and chemical reaction of 
molecules on surfaces, which allows for an easy and precise growth rate and coverage 
control. In the simplest scenario the first step includes (a) introduction of a precursor gas 
into the ALD chamber that leads to the adsorption of the molecules on the substrate 
surface, and (b) the rest of the vapor being pumped down (either during or after exposing 
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the surface to the precursor vapor), leaving the surface with the remaining admolecules in 
vacuum again. The second step is similar to the first one, but an oxidizing gas instead of a 
precursor is pulsed into the chamber to oxidize the admolecules left from the first step 
and form a solid layer. The process is repeated until the required film thickness is 
obtained: The scheme in Figure 1 shows how such a sequential process leads to the 
formation of the oxide layer. During the pulse-purge process in ALD the key to the 
growth of a smooth film resides in the irreversibility and saturation of adsorption 
reactions that take place on a substrate surface [1]. Irreversibility leads to an important 
characteristic that distinguishes ALD from other vapor deposition methods – the amount 
of admolecules does not depend on the reactant partial pressure once the adsorption 
reaction reached saturation [17]. Hence, for already saturated adsorption reactions the 
growth rate does not depend on partial pressure and pulse duration.  
 
 
 
Figure 1. Atomic layer deposition process for the deposition of the oxide layer. The film 
thickness is controlled by the number of repeated cycles. 
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Figure 2. Temperature dependence of a growth rate and density of the HfO2 film grown 
by ALD [18]. Reproduced by permission of The Electrochemical Society. 
 
 
However, when the amount of precursor vapor is small or the exposure of the 
substrate surface to the precursor molecules is too short, the coverage of such surfaces 
becomes incomplete, leading to a reduced film growth rate. Another key factor for ALD 
processes is the substrate temperature (Figure 2): when it is too low, either (a) more than 
a monolayer of the precursor is adsorbed (vapor condensation) and the growth rate is 
increased, or (b) the precursor molecules simply do not adsorb on the substrate due to 
their kinetic energy being too low to overcome the potential energy barrier of 
chemisorption. At high temperatures the precursor either (a) decomposes on the surface, 
which indicates a CVD regime with a considerable thermolysis of the precursor (sudden 
increase in the growth rate of the film), or (b) desorb if the energy of adsorption is too 
small (for example, in the case of physisorption). Thus, there can be a temperature range 
(the ALD “window”) in between, where the adsorption is self-terminating and precursor 
does not thermally decompose.  
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1.1.2 Applications of ALD  
 ALD is one of the most versatile film growth techniques that can find applications 
in almost any field of industry. For example, yttria-stabilized zirconia (YSZ) membranes 
have high oxygen ionic conductivity and are hence used in solid oxide fuel cells. ALD of 
YSZ can produce thin films with nanocrystalline YSZ grains that do not require post-
deposition annealing and are ready-to-use in nanoscale electrolytes [19]. Because ALD 
can conformally cover complex 3D structures, the method was successfully used for the 
growth YSZ on an array of hexagonal pyramids (patterned substrate). The bottom 
substrate was then removed by wet etching, and the resulting freestanding nanostructured 
YSZ electrolyte membrane demonstrated a power density of 1.34 W/cm2 at 500°C, 
providing a path to future portable power applications [20]. 
Miniaturization of devices requires atomically precise, well-controlled and easily 
scalable deposition of various conducting, high-κ dielectric, magnetic, ferroelectric, 
barrier and seed layers and spacers, and this is where ALD has a clear advantage over the 
rest of the deposition techniques. Since modern technologies tend to move from 2D 
device geometries to complex 3D architectures, ALD will undoubtedly play a major role 
in their fabrication. In transistor and capacitor nanotechnologies, especially for metal–
oxide–semiconductor field-effect transistors (MOSFETs) and metal-oxide-metal 
capacitors, a growth of ultrathin high- κ gate dielectric layer to minimize leakage current 
of such devices is a crucial key to their successful operation [4]. Because miniaturization 
requires semiconductor material used in MOSFETs to have high mobility channels, Ge 
and GaAs are now considered as candidate materials to replace Si. However, during the 
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preparation of a top gate layer (an oxide such as HfO2 or LaLuO3) on Ge, the layer of 
GeO2 forms in between and leads to poor electrical performance of the MOSFET 
(compared to the SiO2/Si case). However, a successful “quasi-epitaxial” ALD of HfO2 
was demonstrated directly on Ge(100), avoiding the GeO2 sublayer formation and 
demonstrating the low leakage current and excellent thermal stability (up to 780°C) of the 
HfO2/Ge stack [21].  
One of the future directions of FET development and down-scaling is expected to 
use materials with 1D channels, such as single-wall carbon nanotubes (SWCN) or 
semiconductor nanowires, which may enable a much higher density integration compared 
to the currently used FET-based devices. The fundamental problem of ALD growth of a 
gate oxide on a SWCN is connected with chemically inactive walls of the latter. In order 
to reach an acceptable growth rate on a SWCN, one has to either covalently modify the 
SWCN’s walls (for example, by nitrodiazonium [22]) to create sp3-hybridized bonds, or 
to non-covalently functionalize with, for example, DNA. Without such a 
functionalization, the ALD-grown HfO2 gate of up to 5 nm thick showed severe leakage 
and shorts. However, for the DNA-treated SWCN it was enough to deposit 3 nm of HfO2 
to reproducibly reach theoretical limit of 60 mV/decade at 300 K [23]. 
 
1.1.3 Crystallization and epitaxialization of thin films 
 Since in a conventional ALD process the substrate temperature is relatively low 
(100-300°C), the as-grown films are typically amorphous, and the crystallization occurs 
when the film is annealed at certain temperatures. By carefully choosing temperature and 
time of post-deposition thermal treatment, one can control the amorphous state and 
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physical properties of the film (electrical resistance, magnetic properties, etc.) [1, 24]. For 
example, in [25] annealing of ALD-grown Sr-Ti-O film on SiO2/Si for 10 min 
demonstrated the onset of crystallization at 500-550°C, correlating well with other 
studies [26], where SrTiO3 crystallization took place at 530°C (1 min) for a 10-nm-thick 
film. During crystallization of the ALD-grown Pb-Ti-O thin films grown on 
Ir/IrO2/SiO2/Si substrates annealing between 400-550°C was reported to lead to the 
expected formation of the pyrochlore phase, and only temperatures above 550°C cause 
the crystallization of single-phase PbTiO3 films [27]. Similarly, for the spin-coated 
Pb(Zr,Ti)O3 films deposited on a Si wafer the perovskite phase crystallization occurred at 
600°C; however, the annealing of the amorphous Pb-Zr-Ti-O film grown on a single-
crystalline (001) SrTiO3 at 450°C produced highly oriented perovskite phase [28]. For 
another perovskite LaLuO3, a well-known high-κ dielectric (κ~30), grown on (111) GaAs 
a rapid thermal annealing at 700°C for just 30 s was enough for the epitaxialization, as a 
result of which the film exhibited κ~30 [29]. Nickelates and cobaltites require “medium” 
temperature of annealing: LaNiO3 [30] and LaCoO3 [30] annealed at 600°C was reported 
to be fully crystallized; for LaNiO3 the annealing at 500°C for 12 hours caused only a 
partial crystallization, while 400°C did not induce any crystallization at all [30]. 
Somewhat similar situation takes place for ALD-grown aluminates: LaAlO3 crystalizes at 
600°C and becomes epitaxial, but at 550°C remains amorphous [31]. On the other hand, 
ALD-grown LaMnO3 behaves differently: The crystallization begins at 350°C and at 
400°C the film is well-crystalline [32], in spite of the fact that the same β-diketonate 
ligands were present in the precursors used for the growth of manganites, cobaltates and 
nickelates. Some ALD-grown phases remain amorphous to rather high temperatures: for 
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example ALD-grown LaGaO3 was reported to crystalize only after annealing at 850°C 
for 10 mins [33]. 
 Despite intensive research, the annealing process and mechanism for 
crystallization of ALD-grown amorphous thin films are poorly understood, especially 
when epitaxialization takes place. Because earlier experiments were focused on the ALD 
process and not the post-growth crystallization, the scarce data, which is currently 
available, provide only a general understanding of the behavior of ALD-prepared oxide 
thin films. It seems possible that the crystallization of an amorphous film on a lattice-
matching single-crystalline substrate (oxide on oxide) may require less energy barrier to 
overcome for nucleation and the following epitaxialization. One of the few examples 
known so far is the heat-induced crystallization of amorphous Al2O3 grown on sapphire 
(α-Al2O3), resulting in γ-Al2O3/α-Al2O3 heterostructure. The essential aspect of such a 
transformation is the presence of a continuous flat crystallization “front” that starts at the 
substrate-film interface and moves up to the film surface [34]. It is proposed that the 
lateral crystallization occurs first to meet the epitaxial strain minimization criterion, and 
then the as-formed flat “front” starts moving upwards along the strain gradient [34]. The 
likelihood of a crystallite nucleation is proportional to the difference in Gibbs energy of 
formation between an amorphous and a crystallized film. From a general 
thermodynamical viewpoint, when the epitaxial interface between the film and the 
substrate is coherent, its surface energy σcoh is noticeably smaller than that of an 
incoherent interface (σincoh) [35]. Because the interface between the amorphous film and 
crystalline substrate can be regarded as incoherent, the difference in the surface energies 
between the two types of interfaces is negative (Δσ=σcoh-σincoh<0) when compared to the 
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positive value of the difference in Gibbs energy between crystallized and amorphous 
phases in a bulk state (ΔG=(Gcryst-Gamorph) >0). As a result, it is possible for the total 
Gibbs energy  
ΔfG= Gcryst-Gamorph + (σcoh-σincoh)Sf-s + σxSc-a        (1) 
to be equal to 0, corresponding to the onset of crystallization (Sf-s is the surface area 
between the film and the substrate, Sc-a is the surface area between the crystallized film 
and the remaining amorphous film, σx is the energy of the interface between the 
crystallized and amorphous phases). Thus, it is not surprising that the presence of a 
lattice-matching substrate may facilitate a lower-temperature epitaxialization of an 
amorphous film. 
It is worth noting that some ALD processes can produce crystalline films without 
post-deposition annealing [1], and, according to recent observations, the nucleation 
during growth of simple oxides occurs in an amorphous film at random sites and the 
formed crystallites proceed to grow owing to (a) more of the oxide material deposited 
with further ALD cycles and, in some cases, (b) crystallization of the adjacent amorphous 
material around the crystallites. On the other hand, the film growth can go via island 
formation [36] on the substrate surface (similarly to high-temperature CVD), though this 
is rarely observed.  
In the content of the oxide film growth/crystallization on single-crystalline 
substrates it is important to mention the phenomenon of epitaxial stabilization [35]. If the 
film-substrate interface is coherent (epitaxial), its energy is normally much lower than in 
the case of the incoherent interface. As a result, the minimization of the free energy of the 
nucleus formation can happen via satisfying the “coherency” criterion. This will lead to 
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either (a) specific crystallographic orientation of the nucleus, or (b) the formation of 
otherwise metastable crystal structure. In the latter case the process is called “epitaxial 
stabilization” and reflects the preferential crystallization of metastable phases following 
interface energy minimization. One of the most notable examples is the stabilization of 
hexagonal manganites RMnO3 for R=Eu to Dy, which are perovskite in bulk [37], and the 
stabilization of a large number of hexagonal RFeO3 for R=Eu to Lu [38, 39], which are all 
perovskites in bulk. Another example is the formation of epitaxial anatase TiO2 on (001) 
SrTiO3 substrate (~ -3% lattice mismatch) [40]. Essentially, epitaxial stabilization is the 
extension of the stability region of a particular phase on the P-T-x diagram due to the 
formation of energetically favorable interface with the substrate. 
 
1.1.4 Complex oxide thin films by ALD 
 Application of ALD to the growth of complex oxides is significantly more 
difficult than it is for the simple oxides and the control of the chemical stoichiometry is 
the key challenge in its development. There are two conceptually different approaches to 
the stoichiometry control during the ALD of complex oxides: (a) sequential growth of 
individual oxide monolayers by ALD, and (b) sequential deposition of ultrathin 
individual layers (1-5 nm).   
In the first route, which is more frequently used, the AOx and BOx oxide layers are 
grown with a minimal thickness, ideally one monolayer, producing an amorphous ABOx 
film, where the A and B atoms are well intermixed. However, in this “layer-intermixing” 
approach the growth non-linearity for each individual oxide leads to a high sensitivity of 
the stoichiometry to the overall process. Even for binary oxides the first few nanometers 
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of the film can grow non-linearly with the number of ALD cycles because the surface for 
each next deposition cycle is, strictly speaking, slightly different. For a complex oxide the 
growth of alternating layers, each being less than a nanometer, may become very difficult 
to maintain and control. The main advantage of such an approach is that all component 
oxides are mixed in an amorphous film, and the crystallization require only a short-time 
post-growth annealing since the atoms will need to diffuse no longer than 1-2 unit cell 
distance to find the right position for the crystallite formation.  
In the second approach in order to grow a complex oxide ABOx the amorphous 
[AOx]n/[BOx]m superlattice with each oxide layer being ~3-5 nm is prepared. Because the 
thickness of each layer exceeds few nanometers, the non-linear growth regime is 
surpassed and the A:B stoichiometry scales linearly with the number of cycles (for both  
A and B). The main drawbacks of this approach are: (a) the difficulty to the 
homogeneously induce epitaxial crystallization; (b) possible necessity of longer 
annealing times; (c) impurity phase formation due to the spatial inhomogeneity in the 
cation distribution (poor intermixing). Still, this approach holds promise since even a 
short annealing (60 s at 650°C) of the (SrO)/(TiO2) superlattice (each layer being 2 nm) 
on lattice-mismatched substrates was shown to result in a crystallized (polycrystalline) 
film [41]. It is not clear whether a similar procedure applied to a superlattice on a lattice-
matched substrate could lead to the formation of a high-quality epitaxial thin film. Until 
now, there are not so many ternary oxides deposited by ALD as compared to those 
already produced by sophisticated techniques such as PLD, MBE and MOCVD. Among 
the reported ALD-grown complex oxides are LaAlO3 [42, 43], SrTiO3 [44], PbZrO3 [45], 
PbTiO3 [46], Pb(Zr,Ti)O3 (PZT) [47], ZrO2(Y2O3) [48], SrTa2O6 [49], Bi4Ti3O12 [50], 
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MnCo2O4 [51] and few others, and with several exceptions (such as [52]), the reported 
films were polycrystalline and non-epitaxial.  
Therefore, the goal of the first part of the work is to develop the ALD approach to 
the epitaxial thin films of complex oxides using BiFeO3 as a prototypical material and to 
obtain a better fundamental understanding of crystallization processes that take place 
during thermal treatment of such films.  
 
1.2 Ferroelectric Materials for Photovoltaics 
1.2.1 The bulk photovoltaic effect 
 Ferroelectrics, having intrinsically uncompensated electric dipoles within the 
crystal structure, have long been known to exhibit various light-mediated effects such as 
the Damber effect, photorefraction and bulk photovoltaic effect. The intriguing 
interaction of light with ferroelectrics remains largely unexplored, including the 
photovoltaic effect, understanding of which holds promise for uncovering deeper 
fundamental knowledge of photon-dipole interaction as well as the development of future 
generations of photovoltaic materials, devices and their applications. 
 In 1930s Harry Dember described a photoeffect [53], in which a voltage 
developed between dark and illuminated sides of a crystal. The so-called Dember effect 
arises from a difference in electron and hole mobilities produced on the illuminated side 
of a crystal. In contrast, when a crystal is evenly illuminated, the photovoltage can appear 
as a result of band bending. It had long been deemed that the maximum photovoltage 
developed on opposite sides of any crystal is ultimately limited by its band gap value. 
However, the experiments involving illumination of ferroelectric and piezoelectric 
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crystals revealed a general tendency towards the appearance of open-circuit 
photovoltages much larger than the band gaps of these materials, reaching hundreds of 
the equivalent band gap (Eg) values in some cases. The observation of such anomalous 
behavior in ferroelectrics opened a new venue in the physics of ferroelectric and light-
matter interactions, and the phenomenon was named a “bulk (anomalous) photovoltaic 
effect”.  In addition to a large photovoltage, short-circuited ferroelectric crystals were 
shown to enter a steady-state photocurrent regime when exposed to homogeneous light, 
demonstrating a linear dependency on the light intensity [54, 55]. The scheme of current-
voltage I(V) measurements in a poled ferroelectric crystal is illustrated in Figure 3(a). A 
typical photovoltaic behavior of such a ferroelectric crystal is illustrated in Figure 3(b). 
The gray line corresponds to a dark current and the red line exemplifies the photocurrent 
Iph(V). The intersections of the photocurrent curve with the ordinate axis (IPV) is termed 
as a photovoltaic current (or short-circuit current), and with the abscissa axis, VPV, 
defined as a photovoltage (or open-circuit photovoltage). Although seemingly trivial, the 
terms “photocurrent” and “photovoltaic current” describe different phenomena and 
should not be mistaken for each other: the first term describes the photocurrent as a 
photo-excited current under any bias, while the second term means the photocurrent 
under zero bias (short-circuit current). 
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Figure 3. Schematic illustration of a photoexcitation of a ferroelectric by a visible light, 
which results in the development of an open-circuit photovoltage and a short-circuit 
photocurrent. 
 
 As evident from the discussion above, a non-centrosymmetry of the crystal 
structure is a necessary prerequisite for the appearance of the bulk photovoltaic effect. 
For a macroscopic, phenomenological description of the phenomenon, let us consider a 
ferroelectric crystal in a monodomain state, homogenously illuminated (Figure 3). For an 
open-circuit case, the total current density itotal emerging in the crystal is a sum of a 
photovoltaic current density iPV and the current associated with an induced electric field 
EPV inside the crystal [54, 56]: 
itotal=iPV + (σdark + σph)EPV,  (1) 
where σdark and σph are dark conductivity and photoconductivity, respectively. The 
illumination generates electron-hole pairs and, as a result, charges the ferroelectric, 
producing an internal electric field EPV. This electric field, in turn, drives the 
photocurrent and is responsible for the appearance of the photovoltage VPV: 
VPV = iPVd/(σdark + σph),  (2) 
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where d is the distance between the two oppositely charged surfaces of the ferroelectric 
crystal. From this expression it is clear that the suppression of both σdark and σph 
conductivities increases the value of the photovoltage VPV. The photovoltaic efficiency of 
typical ferroelectrics is mediocre due to small current densities on the order of 1 nA/cm2, 
being further reduced by the large band gap of such materials [55-57]. 
 
1.2.2 Experimental observation of the photovoltaic effect in ferroelectrics 
 Photovoltaic current was first observed in a ferroelectric in 1955 by A.G. 
Chynoweth and was proposed to be a consequence of space charge layers at the surface 
[58]. A single crystal of BaTiO3, without applied electric field, exhibited pronounced 
jumps of the electrical current along the polarization direction during illumination, 
followed by a steady-state photocurrent that is clearly distinct from the pyrocurrent. The 
photo-generated current was observed in other ferroelectrics such as LiNbO3 
(LiNbO3:Fe) and KNbO3 [59], LiTaO3 [60-62], SbSI [63], SbNbO4 [64], Pb(Ti,Zr)O3 
[65, 66], BaTiO3 [62, 67], Bi4Ti3O12 [68], Sn2P2O6 [69], KBiFe2O5 [70], as well as 
various chemical solutions and heterostructures [71, 72]. 
 In 1969 F.S. Chen observed the change of refractive indices under light exposure 
in poled single crystals of ferroelectric LiNbO3 and LiTaO3 [60]. Apart from spectacular 
photorefraction change observations, the photocurrent along the c crystallographic axis of 
LiNbO3 was collected under UV illumination under zero applied bias, the resulting time 
dependence of which is reproduced in Figure 4. The detected current was flowing in the 
direction opposite to the ferroelectric polarization. The transient current was observed to 
reach a steady state in about 20 s. Later, much effort was devoted to the study of 
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photovoltaic properties of LiNbO3:Fe and KNbO3:Fe crystals, where Fe2+ cations are 
located at the Li+ and K+ sites, respectively. From various experiments it became clear 
that photocurrent could be observed only along the polar axis of the ferroelectric and is 
not related to the spontaneous polarization relaxation or pyroelectric effects [61]. When 
compared to LiNbO3:Fe and K(Ta,Nb)O3, KNbO3:Fe showed a larger photovoltaic effect 
and photoconductivity, also exhibiting a longer carrier drift distance. Spectroscopic 
studies of absorption constants and photocurrent density of normal (unreduced) and 
reduced KNbO3:Fe crystals in a short-circuit regime show that the photocurrent is 
increased for the reduced crystal (Figure 5). The absorption peak at 2.55 eV does not 
produce a similar increase in photocurrent, suggesting an inefficient transition of the 
photorefractive centers the KNbO3:Fe crystal, similarly to LiNbO3:Fe.  
 
 
Figure 4. Current-versus-time along the c axis of the LiNbO3 crystal when the a face of 
the crystal was illuminated with a UV light from the mercury discharge lamp [60]. 
Reprinted with permission from [60]. Copyright 2003, AIP Publishing LLC. 
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Figure 5. Spectral dependences of the absorption coefficient and photoinduced current 
density of reduced and unreduced KNbO3:Fe [59]. Reprinted with permission from 
Taylor & Francis. 
 
A significant obstacle to realizing the potential benefits of ferroelectric 
semiconductors, however, is that ferroelectric ABO3 perovskites typically possess 
inherently large band gap Eg, typically >3 eV owing to large electronegativity difference 
between oxygen and transition metal atoms.  Ferroelectric instability is driven by the 
selection of B-site transition metal cations, representing a significant materials design and 
synthesis challenge to propose and realize new materials that are robust, and 
simultaneously narrower-gap, ferroelectric and have significant compositional tunability. 
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Figure 6. (a) The solar spectrum and the band gap values for Si, CdTe, BiFeO3 and 
KBNNO. (b) The measurements of the band gap for different x of KBNNO based on 
ellipsometry results. The band gap value is evident from the intersection of the dashed 
line with the ordinate axis. (c) Short-circuit photoconductivity of the 20-μm-thick 
KBNNO pellet demonstrating the ferroelectric photovoltaic effect under a broad-
spectrum lamp illumination [73]. 
 
Despite intense interest in semiconducting ferroelectrics for photovoltaic 
applications, until recently there were no ferroelectric oxides having a solar-relevant band 
gap. However, the introduction of a substitutional B-site cation can promote gap 
narrowing of the classic ferroelectric. A good example of such approach is the solid 
solution of ferroelectric KNbO3 with BaNi1/2Nb1/2O3-δ that was proposed as a small band 
gap material that has ferroelectric polarization [73]. The introduction of BaNi1/2Nb1/2O3-δ 
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(BNNO) into KNbO3 reduces the experimental band gap of the parent phase from 3.8 eV 
to 1.1 eV via the formation of Ni2+ and oxygen vacancy VO••, giving rise to the additional 
electronic states in the original band gap of KNbO3 (Figure 6(a)) and causing the largest 
variation in band gap for a single family of polar oxides. According to DFT calculations, 
such [KNbO3]1-x[BaNi1/2Nb1/2O3-δ]x solid solution (KBNNO) should exhibit ~20 µC/cm2 
at 0 K, which is only twice as small as the polarization of pure KNbO3 at 0 K. 
Spectroscopic ellipsometry studies of ceramic bulk KBNNO confirmed the direct band 
gap of less than 1.5 eV for x < 0.4 (Figure 6(b)), and synchrotron X-ray diffraction 
experiments along with Raman spectroscopy showed the solid solution with x < 0.3 has a 
tetragonal crystal structure. Photoresponse of the material with x = 0.1 peaked at ~700 nm 
and had a photoresponse “tail” zeroed at 850 nm, enabling an efficient usage of the 
visible solar spectrum (Figure 6(d)). Ferroelectric switching measurements of the 20-µm-
thick pellets confirmed ferroelectric order with a polarization value of ~15-20 µC/cm2 at 
77-170 K. Under broad-spectrum lamp illumination the ceramic samples exhibited a 
photovoltage and a short-circuit photocurrent of 0.7 mV and 0.1 µA·cm-2, respectively, 
with a reversal of the photocurrent direction on change in the sign of the poling voltage. 
The room-temperature photocurrent in KBNNO was higher than the photocurrent 
measured for ferroelectrics such as WO3-doped (Pb,La)(Zr,Ti)O3 (9 nA·cm-2 for 50-µm 
sample [74]) or (Na,K)(Mg,Nb)O3 (25 nA·cm-2 for 0.84-µm sample [75]) at 300 K. 
BiFeO3 ceramic pellets (70 µm thick) discussed in the beginning of this Chapter 
exhibited a comparable light response (4 µA·cm-2 and 30 mV for 10 mW·cm-2 green-light 
illumination) [76].  While these results on KBNNO represent a remarkable achievement 
in their own right, they suggest that the strong integration of materials design with solid 
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state synthesis and thin film growth, physical, electronic and functional property 
characterizations and analyses holds great promise for future innovation in this area.   
Thus, the goal of the second part of this work is to prepare epitaxial thin films of 
semiconducting ferroelectrics and to study of their electric and photovoltaic properties. 
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CHAPTER 2: SYNTHESIS AND CHARACTERIZATION OF MATERIALS 
2.1 Atomic Layer Deposition of Binary Oxides 
 For the deposition of oxides a commercial ALD tool Cambridge Nanotech 
Savannah 100 was used (Figure 7). The instrument does not provide much flexibility in 
terms of the ALD process, but has all basic capabilities that were fully utilized in this 
work. The system is equipped with pneumatic valves that can provide short-time pulses 
down to 0.01 s. The base pressure during growth is 0.1-0.3 Torr. For each particular ALD 
process a certain “recipe” is used, which contains all steps of the deposition procedure. In 
Appendix the recipes used for the growth of binary and complex are given. 
 
 
 
Figure 7. The ALD system Savannah 100 developed by Cambridge Nanotech, which was 
used in this work for the growth of oxide thin films. 
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In Figure 7 the ALD system used in the experiments is shown. The ALD recipes 
are input into a PC (“1”), which then controls the pneumatic valves, heating elements 
(“4”) and the flows in the system. The substrate is placed into the chamber (“3”), which 
can be heated up to 375-400°C. The precursor is loaded into the special cylinder, which is 
then connected to the main line and is wrapped with a heating jacket (“4”). The precursor 
vapor is fed into the chamber through the “inlet” using pneumatic valves and the rest is 
pumped down through the “outlet” line into the pump (“5”). 
 
2.1.1 Growth of FeOx. 
For the growth of FeOx the combination of ferrocene and ozone was used. Ferrocene is 
affordable, rather stable in air, and, according to the initially performed experiments, 
needs a rather low temperature for evaporation (~90°C was used).  It produces an easily 
reproducible vapor pressure and, most importantly, has a wide ALD window (150-
350°C) when oxidized by ozone. The results of FeOx growth are similar to those 
published for Fe(cp)2/O3 combination in [77]. 
 
2.1.2 Growth of BiOx. 
 In contrast to the preparation of FeOx films, the deposition of BiOx thin films was 
very challenging. The precursors commonly used for BiOx deposition include (a) tris(1-
methoxy-2-methyl-2-propoxy)bismuth (Bi(mmp)3) [46], (b) tris(2,2,6,6-tetramethyl-3,5-
heptanedionato)bismuth (Bi(thd)3) [78] and (c) Bi(N(Si(CH3)3)2)3 [79], all being rather 
expensive and extremely air-sensitive. Bi(mmp)3 was reported to have a first considerable 
weight loss in the temperature range of ~130-170°C due to the volatilization of the 
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compound and the second weight loss after 170°C attributed to the decomposition of 
Bi(mmp)3 [80]. According to this data, we chose 135-145°C as an evaporation 
temperature of Bi(mmp)3, which provided sufficiently reproducible precursor pulses. 
However, a candidate precursor Bi(mmp)3 showed a consistent growth of BiOx over the 
temperature range of 200-350°C when oxidized by ozone. So far some oxides are known 
to crystallize at low temperatures (~300°C) during ALD process when strong oxidizing 
conditions are used, and pure bismuth oxide deposited using Bi(mmp)3 turned out to be 
such a case. 
 
2.2 Atomic Layer Deposition of Complex Oxides 
 Thin films of Bi-Fe-O and individual BiOx and FeOx were grown by ALD on 
(100)SrTiO3, (100)Nb:SrTiO3 (0.7 w.%) substrates (MTI Corp.) and SiO2(~2-3 
nm)/Si(001) wafers. Fe(cp)3 (ferrocene, Sigma-Aldrich А408) and Bi(mmp)3 (tris(1-
methoxy-2-methyl-2-propoxy)bismuth) (American Elements) were used as volatile 
precursors and were heated to 90°C and 135-145°C, respectively, providing enough 
vapor pressure for the deposition. Ozone (O3) was used as an oxidizing agent (the 
concentration is ~20-30 vol. %). The gas inlet lines, which transport precursors, were 
kept at 150°C. The substrate was placed at ~3 cm distance from the gas inlet and the 
chamber was heated uniformly to the required substrate temperature. The gas outlet line 
was kept at 100-150°C.  
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Annealing of as-grown amorphous films was performed either in air at atmospheric 
pressure in a sealed oven with the step of 3-5°C/min during heating and 5°C/min during 
cooling of the samples, or in the hot stage attached to the X-ray diffractometer. 
 
2.3 Pulsed Laser Deposition of Oxide Thin Films 
 The preparation of ferroelectric oxide thin films and heterostructures for the 
photovoltaic measurements was carried out using pulsed laser deposition (PLD) in the 
home-built system. In Figure 8 the scheme of the deposition system is shown. The 
excimer KrF laser (λ=248 nm) produces short beam pulses, which are then focused on the 
rotating target inside the chamber (typical energy densities of the laser spot were ~1-2 
J/cm2). 
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Figure 8. PLD system used. 
 
Figure 9 shows the interior of the PLD chamber. A high-energy laser pulse 
ablates a small fraction of material from the target and produces an ionized plume inside 
the chamber. The substrate is mounted in front of the target (variable distance from 6 to 
10 cm) on the heater. The plume density directly depends on the pressure inside the 
chamber, which, in turn, is controlled by the oxygen flow. Typical laser frequencies used 
in the experiments ranged from 3 to 10 Hz. Before each deposition, the target is pre-
ablated using the same laser pulses while the substrate is shadowed by the shutter. 
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Figure 9. Interior of the PLD chamber. 
 
2.3.1 Preparation of the ceramic targets for PLD 
 For the preparation of BaTiO3, a raw mixture of BaCO3 and TiO2 was ball-milled 
for 12 hours and pre-calcined at 1050°C for 12 hours. After the pre-calcination the 
powder was pressed into a pellet by a uniaxial pressing system and then heated to 1320°C 
for 5 hours. For the preparation BTNNO, a mixture of BaCO3, TiO2, Nb2O5 and NiO was 
ball-milled for 12 hours and pre-calcined at 1100°C for 12 hours. After the pre-
calcination, the powder was pressed into pellet and then heated to 1420°C for 5 hours. 
 
2.3.2 Growth of other doped perovskite oxide films 
 The films were grown from stoichiometric BaTiO3 and (1-x)BaTiO3–
xBaNb0.5Ni0.5O3 (x=0.1) targets (prepared in the laboratory) using PLD on single-
crystalline (001) Nb:SrTiO3 substrates heated to 650°C, under oxygen pressure of 30-40 
mTorr and laser frequency of 3-5 Hz. The film growth rate was ~0.15 Å/pulse. The 
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target-to-substrate distance was ~6 cm. No deviation from the stoichiometry was 
observed for the films located up to ~1 cm off the plume’s axis. 
 
2.3.3 Growth of pure and doped KNbO3 films 
 Thin films of KNbO3 and (1-x)KNbO3-xBaNb0.5Ni0.5O3 (x=0.1) were grown on 
single-crystalline (001) SrTiO3, Nb:SrTiO3, LaAlO3, MgO, and (111) SrTiO3 substrates 
using PLD. The laser frequency was 5 Hz, the target-to-substrate distance was ~6 cm. 
The KBNNO films were grown from the KBNNO+KNO3 targets (prepared in the 
laboratory), where the molar ratio between the phases was varied from 1:3 to 3:1. The 
KNbO3 films were prepared using 70% KNbO3 + 30% KNO3 targets (prepared in the 
laboratory). In the optimized growth conditions the oxygen pressure was 30 mTorr and 
the substrate temperature was 650°C. 
 
2.3.4 Growth of conducting oxide layers 
 Conducting La0.67Sr0.33MnO3 layers were grown from the stoichiometric 
La0.67Sr0.33MnO3 target (prepared in the laboratory) at 730°C under 150 mTorr of oxygen 
pressure; the laser frequency was 5 Hz. 
SrRuO3 was grown from the stoichiometric SrRuO3 target (MTI Corporation) at 
650°C under 30-50 mTorr of oxygen pressure. The laser frequency was 5-10 Hz. 
In2O3(SnO2) (ITO) thin films were prepared using stoichiometric In2O3(SnO2) 
targets at 200°C under 150 mTorr of oxygen pressure. The laser frequency was 10 Hz.  
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2.4 Characterization 
2.4.1 X-Ray Diffraction and Reflectivity 
 Thin film structure and thickness were analyzed using X-ray diffraction (XRD) 
and X-ray reflectivity (XRR) of thin film samples. The measurements were carried out in 
a 4-circle X-ray diffractometer (Rigaku Smartlab and Bruker D8 Advance, 40 kV, 44 
mA, Cu Kα) equipped with a double (220)Ge monochromator in a parallel beam 
geometry. Fitting of XRR data was performed using Motofit analysis package [81]. 
Reciprocal space mapping was carried out the Panalytical Empyrean X-ray diffractometer 
(2x(220)Ge monochromator, 45 kV, 40 mA) for each of the (103) peaks of the perovskite 
substrates and the films. XRR data was fitted using the Motofit package written by A. 
Nelson [81] and implemented in Igor Pro. 
In some XRD patterns due to a very high intensity of the (002) SrTiO3 reflection a 
very small Cu Kβ peak was not removed completely by the monochromator used in the 
measurements. 
XRD with in situ annealing was performed in the Rigaku Smartlab with a 
temperature step of 25°C and 40 min. of the total measurement time at each temperature 
point (heating rate was ~5°C/min). A commercial domed hot stage (Anton Paar DHS 
1100) was used for these experiments. The sample was placed on the ceramic hot plate 
under the vacuum (10-1 mbar). 
 
2.4.2 Scanning Electron Microscopy 
 Compositional analysis was collected within a dual-beam scanning electron-
focused ion beam microscope (SEM FEI Strata DB235) equipped with an X-ray 
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fluorescence spectroscopy source and detector (iXRF), and within an electron microscope 
(Zeiss Supra 50VP) equipped with an energy-dispersive X-ray spectroscopy system 
(EDS). 
 
2.4.3 Transmission Electron Microscopy 
 Specimen preparation for the transmission electron microscopy (TEM) was done 
via two possible routes: 
1. Mechanical polishing and subsequent ion milling (Fishione 1010 Low-angle ion mill).  
2. Focused Ion Beam (FIB) milling of the cross-sectional specimen followed by the lift-
out process. A dual-beam focused ion beam SEM (FEI Strata DB235) was used in this 
case. 
Bright-field imaging was performed using TEM (JEOL JEM2100) operated at 
200 kV. High-angular annular dark-field scanning TEM (STEM) was carried out at Oak 
Ridge National Laboratory using Nion UltraSTEM 200 operated at 200 kV and equipped 
with the electron energy loss spectrometer (EELS). Fourier filtering of the TEM images 
was done using Gatan DigitalMicrograph software; Wiener filtering was done using a 
script “HRTEM filters” written by D.R.G. Mitchell [82]. 
 
2.4.4 Atomic Force Microscopy and Piezoresponse Force Microscopy  
 Topographic height, local ferroelectric piezoelectric hystereses and piezoresponse 
force microscopy (PFM) were collected using an atomic force microscope, the latter two 
data types collected using dual ac resonance tracking (DARTTM) as implemented on an 
atomic force microscope (Cypher and MFP-3D, Asylum Research/Oxford Instruments, 
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Santa Barbara CA) using a Pt-coated cantilever (Olympus AC240TM, with nominal 
stiffness of 2 N/m and DART frequency of ~300 kHz). The presented phase and 
amplitude loops of the local ferroelectric piezoelectric signal represent an average of four 
full cycles, and are representative of phase switching and amplitude variation obtained in 
the films. 
 A separate set of measurements was carried out using ultrahigh vacuum variable-
temperature AFM/STM (Omicron) located in the Center for Nanophase Materials 
Sciences (CNMS) at the Oak Ridge National Laboratory. The chamber pressure was 10-11 
Torr, the temperature was varied from 110 K to 325 K. The band-excitation PFM was 
operated using the National Instruments PXI-based electronics. Numerical analysis was 
done using Matlab home-made scripts. 
 
2.4.5 X-ray Photoelectron Spectroscopy 
 X-ray photoelectron spectroscopy (Physical Electronics VersaProbe 5000) was 
carried out under ~8x10-9 Torr base pressure using the incident photon energy of 1486.6 
eV (Al Kα line) with the irradiation power of 100 W over thr 100x100 µm2 area on the 
film. In situ XPS was collected from 250°C to 400°C with the step of 25°C, from 400°C 
to 600°C with the step of 20°C, and from 600°C to 700°C the step was 25°C. The heating 
rate was ~10°C/min, and acquisition time at each temperature was ~10 min.  
 
2.4.6 Spectroscopic Ellipsometry 
 Spectroscopic ellipsometry was performed in the angle range of 65° to 75° using a 
dedicated variable-angle instrument (J.A. Woollam M2000). The signal acquisition was 
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carried out in the wavelength range from 247 to 1000 nm with a step of 1.6 nm. Fitting of 
the data was carried out in the native V.A.S.E. software using the Levenberg-Marquardt 
optimization method for minimizing the mean squared error between the model 
parameters and measured data. Four Tauc-Lorentz oscillators were used in the fitting 
procedure to properly assess the absorption coming from the electronic states below the 
conduction band of the parent ferroelectric (Eg<3.2 eV for BTNNO) [83]. This model is 
typically used for the amorphous materials, where broad defect-mediated absorption 
should be taken into account. The coefficients of the Tauc-Lorentz oscillators derived in 
the fitting are given in the Appendix. 
 
2.4.7 Ferroelectric and photovoltaic measurements 
 The electrical measurements were carried out using a Lakeshore Cryotronics 
probe station (TTP4) equipped with the tungsten probes. Switching of ferroelectric 
polarization was measured with the commercial tester (Radiant Technologies, Inc) either 
in a high vacuum (10-6 torr) or in air. In each measurement two loops were collected at 
different frequencies and the data was processed using Time-Dependent Charge 
Compensation function as implemented by Radiant Technologies, Inc., following the 
procedure described in [84]. This approach is designed to reduce the contribution from 
leakage current in leaky ferroelectric thin films. 
 The I-V characteristics and other electric measurements were performed using a 
picoammeter (Keithley, model 6487) and Keithley 4200 Semiconductor Characterization 
System. The light excitation was done using 405-, 450- and 532-nm lasers (commercial 
laser pointers with a high beam power). The intensity of the laser beam was varied by 
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inserting specific neutral density filters in the beam path.  
 
2.4.8 Magnetic measurements 
 The magnetization measurements of the ~30 nm BiFeO3/SrTiO3 thin film were 
performed using PPMS instrument (Quantum Design). The film was attached to the non-
magnetic holder using tape. Magnetic field was applied in-plane, for ZFC/FC curves the 
field was 1 T. Because the substrate is diamagnetic, its contribution to the total signal of 
the substrate is observed. The M(H) curves and a hysteresis are given without 
diamagnetic contribution, which was subtracted via conventional data processing of 
M(H). 
 
2.4.9 Rutherford Backscattering Spectroscopy 
 Rutherford Backscattering Spectroscopy (RBS) was conducted at the Army 
Research Lab, APG.   
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CHAPTER 3: GROWTH OF EPITAXIAL FILMS USING ALD 
3.1 Growth of Amorphous Oxide Films 
 The ALD of BiFeO3 requires an appropriate choice of precursors that (1) can 
adsorb on the surface and be oxidized to enable production of a ternary oxide in 
sequential cycles, (2) does not introduce other cations/anions (contamination) into the 
films and (3) have overlapping ALD temperature windows. As mentioned in the 
“Synthesis and Characterization” section, Bi(mmp)3 and Fe(C5H5)2 were used as the 
precursors for the complex Bi-Fe-O oxide deposition. In Figure 10 a schematic 
illustration of the ALD process used for Bi-Fe-O growth is shown. 
  
 
Figure 10. Schematic illustration of atomic layer deposition process of Bi-Fe-O: 
precursor molecules (Bi(mmp)3 in the Figure) delivered by a vapor pulse on the surface 
of the Bi-Fe-O amorphous layer producing a Bi-O layer; molecules are then oxidized by 
ozone (O3). Following this, the sample is exposed to a vapor pulse of Fe(C5H5)2 
producing Fe-O layer, subsequently followed by oxidation using O3. The process of 
alternating pulses of selected number and duration is optimized to produce the desired 
post-anneal stoichiometry and structural quality in the resulting film (not shown) [85]. 
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The number of pulses for each precursor was set as small as possible while 
maintaining the correct stoichiometry in the final Bi-Fe-O films. As expected, Bi(mmp)3 
showed a higher growth rate than Fe(C5H5)2, thus the ratio between the number of pulses 
was NFe:NBi ≈ 3-7. In the initial experiments each Bi-Fe-O thin film deposition run was 
carried out on both (~ 20nm) SiO2/Si(001) and (001) SrTiO3 at the same time. In our 
experiments a constant growth rate was observed from 250 to 350°C (Figure 11) of 
~0.12 nm/supercycle. 
 
 
Figure 11. The dependence of the growth rate on the substrate temperature (left) and 
number of cycles (right). Error bars are derived from the roughness of the films [85]. 
 
Typically, films grown by ALD possess atomic smoothness. In our case as-
deposited individual Bi2O3 and Fe2O3 thin films showed RMS roughness values of 1-10 
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Å over the whole sample area (5x5 mm) depending on the thickness of the films (Figure 
12), with Bi2O3 films usually having roughness of almost twice as much as Fe2O3. For the 
Bi-Fe-O thin films the roughness was very close to the atomic (1-3 Å), as can be seen 
from long oscillation “tails” in Figure 12. 
 
 
Figure 12. X-ray reflectivity of typical as-deposited Bi-Fe-O and individual oxides thin 
films on the SiO2/Si substrate, showing an atomic smoothness of the film [85]. 
 
X-ray diffraction (XRD) patterns of the films with an excess of Bi deposited at 
300-350°C (in some cases even at 250°C) showed the presence of a crystallized sillenite 
phase (Figure 13), while an intentional excess of Fe did not cause any crystallization in 
the film. For the films deposited at 300°C the broadening of the peaks on the XRD 
pattern (red) was more pronounced than in the case of the deposition at 350°C. It was not 
clear to which phase the observed reflections correspond because at such low 
temperatures the phase formation is significantly diffusion-limited, meaning that, apart 
from the phases known to the Bi2O3-Fe2O3 phase diagram [86], there might be single 
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phases of Bi2O3 and Fe2O3 that formed locally and constitute a non-equilibrium state of 
the as-deposited film. Deposition of pure Bi2O3 and Fe2O3 films showed that Fe2O3 does 
not tend to crystallize when it is grown under the same conditions, yet Bi2O3 shows 
crystallinity similarly to the secondary phases in as-deposited Bi-Fe-O thin films. In 
addition to the sillenite peaks, Figure 13(a) shows other peaks (especially for 2θ < 10°) 
that are presumably related to metastable bismuth oxides, which will be discussed in 
Chapter 4.4. No convincing evidence of the BiFeO3 phase crystallization in as-deposited 
films was found.   
 
 
Figure 13. (a) XRD patterns and (b) XRR scans of the as-deposited Bi-Fe-O films grown 
at 300 and 350°C [85]. 
 
3.2 Epitaxial BiFeO3: Crystallization and Characterization 
A major challenge of the BiFeO3 thin film synthesis by, for example, PLD or 
MOCVD, is posed by a high partial vapor pressure of Bi2O3 at high temperatures, which 
causes a gradual volatilization of Bi2O3 and consequent phase degradation. There are 
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different ways of controlling Bi content in a film, both during deposition (by raising the 
initial Bi:Fe ratio) and after it (by, for example, isopiestic annealing [87]). In our 
experiments the annealing of the Bi-Fe-O thin films was performed both with the surface 
exposed to air and capped with an atomically smooth film of the sample composition that 
reduces the loss of Bi in the films. In the latter case, the deposition of thin films with 
Bi:Fe ≈ 1:1 was carried out on two substrates – the cubic perovskite substrate and Si 
wafer. The “film” side of an SrTiO3 was put on the “film” side of a Si wafer, thus making 
a straight contact between the two films. The annealing was performed in air in a closed 
furnace. The idea was to restrict the Bi2O3 vapor to move only in two dimensions (2D) 
when the two atomically smooth films face each other, which should considerably reduce 
the loss of Bi in the films. After annealing, the films usually lose atomic smoothness, yet, 
because the Bi:Fe stoichiometry remains ≈1:1, BiFeO3 crystallizes on the perovskite 
substrate. XRD of the annealed thin films (Tann = 650-700°C) revealed an epitaxial 
growth of the well-oriented (001) BiFeO3 phase on the perovskite single-crystalline 
substrates (Figure 14). In Figure 14(b) a rocking curve for the (001) reflection of BiFeO3 
with respect to the substrate is shown. A good orientational growth and crystallinity of 
the film is manifested by a small FWHM of the film peak (Δω ~ 0.1°), being almost equal 
to that of the single-crystal substrate and demonstrating the same film quality compared 
to MOCVD- and PLD-grown thin films reported in literature [88, 89].  
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Figure 14. (a) XRD scans of a typical BiFeO3 thin film grown on SrTiO3 and annealed in 
air at 700°C. (b) Rocking curves (ω scans) of the (001) reflection of the BiFeO3 thin film 
and the SrTiO3 substrate show a high orientational quality of prepared perovskite film. 
(c) φ-scans of the (101) BiFeO3 and (101) SrTiO3 showing the epitaxy after the film is 
crystallized [85]. 
 
It was surprising to find that the crystallization of BiFeO3 on SiO2/Si wafers 
appear to be (001)-oriented, which is in the same way as for BiFeO3/SrTiO3 
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heterostructures (Figure 15). Although some secondary phases appeared and the overall 
process was not optimized, this result implies a possible route for the integration of the 
functional perovskite oxides onto the Si-based devices (such as CMOS). 
 
 
Figure 15. A simultaneous growth of BiFeO3 (Bi:Fe>1) on the SiO2/Si (top) and SrTiO3 
substrates. Perovskite BiFeO3 grows oriented on both substrates. The stars mark the 
unknown phase crystallized on SiO2/Si [85]. 
 
Transmission electron microscopy imaging revealed that the films with a 
composition close to 1:1 consist primarily of a perovskite phase with some occasional 
nanoinclusions of the sillenite phase (such as Bi26-xFexO40-y, which is related to γ-Bi2O3 
[90]) presumably due to small composition deviation. In Figure 16(a,b) TEM images and 
selected-area electron diffraction patterns of the epitaxial BiFeO3 thin film annealed at 
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700°C are shown. The roughness of the films turned out to be induced mostly due to the 
occasional appearance of the secondary phase on the surface and some coarsening of the 
BiFeO3 film. An excellent crystallinity of the BiFeO3 film was observed on a large scale 
in the TEM cross-sections of the annealed samples. Usually ALD-prepared thin films are 
reported to be polycrystalline and rather rough after annealing, in some cases containing 
amorphous inclusions if the crystallization process was not finished. In the BiFeO3 
samples there was no evidence of the remained amorphous phase or impurity orientations 
of BiFeO3. As mentioned above, a small amount of impurity phases not detected by XRD 
was observed in TEM and is usually almost unavoidable in perovskite oxide thin films 
with highly volatile oxide components (such as K2O and Bi2O3) on a large scale. 
According to the TEM results, the BiFeO3 phase does not form distinguishable islands, 
but rather appear to be laterally continuous. The interface between the film and the 
substrate is clear from misfit dislocations (Figure 16(c,d)), suggesting an epitaxially 
strained state of the film at the interface due to a small lattice mismatch (ε = -1.4%). 
However, probably because of a very small change in the lattice parameters between the 
pseudomorphic (strained) and relaxed BiFeO3 layers, the boundary between the two 
layers in the film could not be found in TEM. 
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Figure 16. (a) Low-resolution TEM image of the BiFeO3 thin film grown on (001) 
SrTiO3; (b-c) SAED of the BiFeO3 film and SrTiO3 substrate; (d-e) high-resolution TEM 
image of the interface between BiFeO3 and SrTiO3 and corresponding Fourier-filtered 
image showing the absence of misfit dislocations at the interface [85]. 
 
To probe ferroelectricity in BiFeO3 thin films the ALD of the Bi-Fe-O system was 
performed on the (100) Nb:SrTiO3 substrate and the sample was annealed at 700°C. The 
phase and amplitude of the local piezoelectric signal obtained from the film are shown in 
Figure 17(a,b). A hysteresis loop of the phase demonstrates a switching of ferroelectric 
polarization in the ALD-grown BiFeO3 thin film. A “butterfly” loop observed for 
piezoresponse amplitude represents a typical behavior of local electromechanical 
coupling under switching bias [91]. Using a metallic tip under switching bias the 
ferroelectric domain patterning was performed on the BiFeO3 film. The presence of 
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sillenite cubes on the surface can be seen in the topographic height image, but the 
sillenite regions do not exhibit switched contrast following local poling of the film 
(Figure 17(c,d)). Thus, the ALD-grown BiFeO3 thin films exhibit expected ferroelectric 
properties similar to those reported previously [92, 93]. 
 
 
Figure 17. Representative hysteresis behavior of ferroelectric piezoelectric (a) amplitude 
and (b) phase in an ALD-grown heteroepitaxial BiFeO3(001) thin film grown on 
Nb:SrTiO3(001); (c) representative topographic height and (d) piezoresponse force 
microscopy (PFM) amplitude contrast images of the BiFeO3/Nb:SrTiO3 film surface 
exhibiting patterned domains following successive writing of two square-shaped regions 
(one within the other) written using Vtip = +/-10V, and read using a tip voltage Vac of 500 
mV. Rectangular islands of sillenite phase do not exhibit switching for the voltages 
applied, but do not disrupt the domain imaging [85]. 
 
To reveal the magnetic behavior of the BiFeO3 samples, the magnetization studies 
were performed of a crystallized BiFeO3, ALD-grown on (100) SrTiO3. Overall, the 
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magnetic behavior of the sample is quite close to the behavior of BiFeO3 reported in 
literature. The hysteresis loops (Figure 18) show a behavior typical for “soft” 
ferromagnets without a distinguishable coercive field.  Similar results were shown for the 
films grown by PLD and measured by the vibrating sample magnetometry [94]. In our 
case the saturation magnetization value (after diamagnetic response subtraction) reached 
~2µB/Fe at temperatures below 75 K. High values of Ms were observed in BiFeO3 
nanoparticles (0.4µB/Fe at 300 K) [95], where the suppression of the spin cycloid at 
nanoscale scales and enhanced canting of spins on the grain boundaries is believed to be 
the origin of the large magnetic moment. In this work the small thickness (~30 nm) of the 
crystallized film can cause a similar size effect on the magnetization behavior. In contrast 
to thin films, single crystals of BiFeO3 do not show any magnetic moment, presumably 
due to a different crystalline structure of epitaxial films and/or a possible destruction of a 
spin cycloid in thin films [96].  
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Figure 18. M(H) hysteresis loops measured on BiFeO3/SrTiO3 at different temperatures. 
 
Figure 19 shows the temperature dependence of the normalized magnetic 
moment M(T)/Mmax. Due to the diamagnetic contribution from SrTiO3 and a rather weak 
magnetic moment of the film, a diamagnetic response is observed above ~60 K, which 
changes to the positive magnetization value below 60 K. To investigate a possible 
deviation from the Curie-Weiss law, the magnetization in Figure 19 was shifted by the 
doubled minimum value so that M(T) curve is well above zero (to eliminate a 
discontinuity of 1/M(T)). Thus, the inverse magnetization 1/Mshifted was plotted as the 
grey curve and shows the deviation from the Curie-Weiss law, revealing three 
temperature points (T1, T2, T*) for the zero-field-cooled (ZFC) and two (T1, T2) for the 
field-cooled (FC) curves, reflecting possible magnetic transitions in BiFeO3. The 
temperatures T*≈230 K and T2=50 K coincide with the low-temperature dielectric 
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anomalies observed in bulk BiFeO3 (55 K and 215 K) [97]. The change of magnetization 
at T* may be caused by a spin-reorientation transition. At ~50 K BiFeO3 is deemed to 
exhibit a pronounced spin-glass behavior [98], which resulted in a peak in the FC curve. 
From the observed results it is concluded that the magnetic behavior of ALD-grown 
BiFeO3 thin films is close to that of bulk crystals and the thin films grown by other 
deposition methods. 
 
 
Figure 19. FC and ZFC M(T) dependences of the BiFeO3 thin film crystallized on 
SrTiO3. The temperatures T*, T1 and T2 mark the positions of noticeable changes of the 
mangetic moment on the curve. 
 
3.3 In situ studies of epitaxial crystallization  
Studies of the crystallization of the perovskite phase from the amorphous state on 
lattice-matched substrates are scarce. In this Chapter the epitaxial crystallization of 
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BiFeO3 thin films grown by ALD on single-crystal (001) LaAlO3 and (001) SrTiO3 
substrates is investigated using in situ X-ray diffraction with a heating stage. Amorphous 
films grown by ALD initially contained an excess of Bi, which compensated for the 
bismuth oxide evaporation in the heating experiments. Epitaxial (001) BiFeO3 starts to 
crystallize on LaAlO3 at 350-400°C and on SrTiO3 at 450-500°C. Shown in Figure 20 
are the temperature-dependent XRD patterns of the (001) peak for BiFeO3 and the 
respective substrates. The films on the both substrates show a good degree of crystallinity 
above 450-500°C. BiFeO3 on SrTiO3 demonstrates a sharp decrease of the (001) peak 
intensity above 640°C, which gradually reaches the instrument noise level when the 
temperature approaches 760-780°C. However, a similar drop of intensity, which is 
connected with the degradation of the BiFeO3 phase or its orientation, is absent for the 
film grown on LaAlO3. One possible explanation of the smaller window of thermal 
stability of the BiFeO3 film on SrTiO3 can be its strained state as compared to the relaxed 
state of the film on LaAlO3. Because epitaxial strain always destabilizes the film by 
introducing an additional positive term to the total Gibbs free energy [35], the perovskite 
film becomes unstable at lower temperature than in the case of the relaxed BiFeO3. 
Another contributing factor is the smaller thickness of BiFeO3 on SrTiO3 (25 nm vs. 50 
nm, estimated from the X-ray reflectivity), which could also lead to the faster 
disappearance of the (001) peak. 
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Figure 20. X-ray diffraction patterns collected in situ during crystallization of 
amorphous Bi-Fe-O thin films initially grown by ALD. The appearance of the 
(001)BiFeO3 during crystallization was observed for the (a) (001)LaAlO3 and (b-c) 
(001)SrTiO3 substrates. Dashed grey arrows show the direction of the temperature 
increase. In (c) the (001) reflection of BiFeO3 started to decay with a further increase of 
temperature. (d) The change of the intensity of the (001) peak from BiFeO3 during 
crystallization on different substrates [99]. 
 
Because the formation of phase-pure epitaxial BiFeO3 via ALD and post-growth 
annealing has only been reported previously on SrTiO3 [85], detailed investigation was 
performed of the epitaxial BiFeO3 thin film on the LaAlO3 substrate, where a larger 
lattice mismatch takes place. A small difference should be noted in the measured c 
parameter of the BiFeO3 film unit cell on different substrates: for BiFeO3/SrTiO3 c = 4.0 
Å (lattice strain ε= 0.9%) and for BiFeO3/LaAlO3 c = 3.97 Å (ε = 0.1%). The theoretical 
in-plane lattice mismatches between bulk BiFeO3 (pseudocubic a = 3.965 Å) and the 
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substrates are ~1.5% for SrTiO3 and ~3.6% for LaAlO3, respectively. The strain state of 
the films on LaAlO3 and SrTiO3 can also be observed in the reciprocal space maps of the 
asymmetric (103) X-ray reflections (Figure 21(b,c)), where it is seen that the 
BiFeO3/SrTiO3 interface is in a coherently strained state [85]. In contrast, the BiFeO3 film 
on LaAlO3 is relaxed (Figure 21(c)). Thus, the experimentally observed biaxial strain in 
the case of BiFeO3/SrTiO3 is larger than that of BiFeO3/LaAlO3, despite the opposite 
behavior expected theoretically.  
 
 
Figure 21. (a) X-ray diffraction patterns of BiFeO3 grown by ALD and post-growth 
annealing, on (001) SrTiO3 and (001) LaAlO3. The peaks with grey dots are the 
reflections from the stage and are not related to the samples. (b-c) Reciprocal space 
maps of the (103) reflection of the (001) BiFeO3 film grown on (001) SrTiO3 and (001) 
LaAlO3. BFO, STO and LAO in the Figure state for BiFeO3, SrTiO3 and LaAlO3, 
respectively [99]. 
 
This has the following implications: first, it implies that the BiFeO3 crystallization 
process leads to only partially strained films; second, a lower elastic strain of the film on 
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a higher-lattice-mismatched substrate suggests that the epitaxially strained state of the 
ALD-grown and ex situ crystallized perovskite film can be obtained only on substrates 
with a relatively small lattice mismatch. Typically, thin films grown on (001) LaAlO3 by 
PLD have a pseudomorphic layer with a tetragonal-like structure [100], designated by 
strong (00l) reflections at ~19° and ~38° of 2θ (Cu Kα radiation). Absence of these 
reflections in our case (Figure 21(a)) suggests that annealing-induced strain relaxation 
does not preserve the strain coherency. Here the epitaxialization via annealing suppresses 
the transition from rhombohedral to tetragonal-like BiFeO3 and, instead, preserves the 
rhombohedral structure in ALD-grown and annealed BiFeO3, apparently without 
sacrificing crystalline quality, as discussed below. 
In a more generalized picture, the control of the epitaxial crystallization of oxide 
films offers a new pathway towards manipulating their strain state and, hence, functional 
properties. The importance of the strain engineering for the control of the properties of 
epitaxial thin films has been highlighted by various strain-induced phenomena such as the 
ferroelectricity in SrTiO3 [101], accelerated oxygen exchange at the surface of Nd2NiO4+δ 
[102], enhanced ferroelectric transition temperature in BaTiO3 [103], realization of strong 
ferroelectric and ferromagnetic properties in EuTiO3 thin films [104], and magnetic phase 
segregation in La2/3Ca1/3MnO3 thin films [105]. Following the results shown above, the 
preparation of such functional oxide films in a strained state can be carried out via the 
low-temperature ALD followed by ex situ crystallization, potentially reducing the cost of 
the industrial implementation of the process and giving it a higher versatility. 
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Figure 22. (a) TEM image and (b) the corresponding Fourier-filtered image showing 
periodic misfit dislocations at the interface between the BiFeO3 and LaAlO3. (c-d) High-
resolution image of the interface area and the dislocations showing that the dislocation 
cores are surrounded by defect-induced variation of lattice spacing. (e) Selected-area 
electron diffraction collected at the film- substrate interface indicates an overall 
unstrained state of BiFeO3 [99]. 
 
TEM imaging of the BiFeO3 on LaAlO3 was performed in order to determine the 
strain relaxation mechanism and compare the structure of the film to that grown on 
SrTiO3. Due to the close matching of lattice parameters, BiFeO3 grown on SrTiO3 
exhibits a dislocation-free interface [85]. However, during the crystallization of the 
BiFeO3 on LaAlO3 periodic misfit dislocations appear at the interface (Figure 22(a-b)). 
The dislocations are easily visible at low magnification owing to a strong bright-field 
contrast that changes periodically along the interface. This contrast indicates substantial 
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strain fields around the dislocation core, which penetrates into the film for up to 5 nm. 
Selected-area electron diffraction (SAED) collected from the film+substrate region is 
shown in Figure 22(c), with BiFeO3 reflections being closer to the (000) primary beam 
spot. Because the same SAED spots for both perovskites do not lie on the “vertical” line 
along the <001> direction (similarly to RSM) but rather stay on the radial line, it is 
evident that the film is relaxed. High-resolution TEM of dislocations (Figure 22(d-e)) 
reveals visible lattice distortions in the region close to the interface. 
In contrast to MOCVD, ALD is a low-temperature deposition technique and 
metal-organic precursors may be only partially oxidized in the film, which in turn can 
inhibit crystallization and change the phase content of the resulting film. To determine 
the oxidation states of elements in the as-grown amorphous films, X-ray photoelectron 
spectroscopy (XPS) of individual oxides Bi-O and Fe-O as well as the complex oxide Bi-
Fe-O thin films was performed. Shown in Figure 23(a-d) are the XPS results for Bi 4f, Fe 
3d and O 1p states (corrected using adventitious carbon). The position of the Bi peaks 
corresponds to its 3+ oxidation state. The Fe 3d spectra are different for Fe–O and Bi–
Fe–O films, yet it is unclear what causes this difference in terms of the ALD chemistry. It 
is possible that Fe is underoxidized in the Fe-O film due to the use of sole ferrocene (no 
initial Fe-O bonds, Fe2+ in ferrocene), while during the growth of the Bi-Fe-O film in 
each ALD supercycle Bi(mmp)3 (six Bi-O bonds) provides more oxygen-enriched layer 
for the Fe-O deposition. The oxygen peak has a small shoulder at higher energies for Bi-
O, Fe-O and Bi-Fe-O arising from residual carbon-oxygen bonds on the film surface. 
Interestingly, the oxygen peak in the Fe-O film is seen to shift to higher binding energies, 
implying a partial oxidation state of the oxygen O2+ (δ>0). 
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Figure 23. (a-d) XPS of as-grown amorphous Bi-O, Fe-O and Bi-Fe-O thin films. (e-f ) 
In situ X-ray photoemission spectra collected for the carbon C 1s peak of the Bi-Fe-O 
film during annealing (see the timeline in the experimental section). The red dashed line 
is a guideline that reflects the carbon peak intensity change with temperature. 
 
Because ALD of oxides is performed at rather low temperatures (100-300°C), 
metal-organic precursors used in such processes do not decompose completely and some 
carbon residuals incorporate into the film. Such carbon impurities negatively affect the 
overall dielectric and, consequently, ferroelectric performance of oxides, increasing 
leakage currents [106] and introducing charge- trapping centers [107].  In other reported 
studies the Bi-containing oxide thin films grown at temperatures of 250°C (and above) 
from the Bi(mmp)3 precursor either did not contain any carbon [80, 108] or its atomic 
concentration was below 1% [46]. To trace the temperature evolution of the carbon 
content in the ALD-grown film, in this work XPS of the Bi-Fe-O film was performed in 
situ during annealing. Carbon remains in the film up to ~500°C and slowly disappears at 
a higher temperature (Figure 23). Interestingly, the amount of observable carbon seems 
to increase when the temperature is varied from 300 to 500°C, which points to the onset 
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of considerable carbon diffusion from the bulk of the film to its surface. Because the 
measurements were carried out in an ultrahigh vacuum, it is likely that the annealing in 
an oxygen-rich atmosphere will make carbon evaporate (via oxidation) from the film 
surface at lower temperature in the form of CO/CO2. At the same time it is important to 
note that in the MOCVD field (where similar precursors are used at high temperatures) it 
is well established that a high-temperature (T>600°C) synthesis of thin films from 
carbon-containing precursors does remove the carbon traces in the samples down to the 
level when they do not influence the physical properties of the films [87, 109-115]. 
 
3.4 Impurity phases in the crystallized films  
 In the crystallization experiments the crystallization of secondary phases when the 
composition deviated from stoichiometry was observed. A sillenite phase (Bi26-xFexO40-y) 
was observed when the film composition ratio Bi:Fe > 1, which is in accordance with a 
phase diagram of the Bi2O3-Fe2O3 system shown in  [86].  
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Figure 24. Phase diagram of the Bi2O3-Fe2O3 system [86]. Reproduced by permission of 
the American Physical Society. 
 
 An XRD pattern (Figure 25) was collected from the sample grown on SrTiO3 at 
250°C and subsequently annealed in air at 700°C for 3 mins. On the XRD pattern one can 
observe the (00l) series of peaks corresponding to the epitaxial growth of BiFeO3. A set 
of three peaks at 2θ between 30° and 35° are reflections of the sillenite phase. 
Noteworthy, when the Bi:Fe ratio was between 1 and 1.2, the amount of sillenite phase 
after annealing was negligible and could not be detected by XRD. This is due to the high 
volatilization of Bi2O3 compared to Fe2O3 during ex situ annealing. Even though the 
overall time of the sample exposure to heat was short (1-5 min. of annealing, 10-15 min 
of heating/cooling-down time), it is enough to drive some Bi2O3 out from the film and 
“correct” the stoichiometry to 1:1.  
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Figure 25. An XRD pattern of the film grown at 250°C and annealed at 700°C for 3 
mins. 
 
Scanning electron microscopy (SEM) showed typical rectangular crystallites on 
the surface of annealed Bi-rich films (Figure 26), which is not seen in the case of the 
pure-phase BiFeO3 thin film (Figure 27). Energy-dispersive X-ray spectroscopy was 
used to determine the composition of the cubes by performing high-resolution mapping 
of chemical elements. Signals of Ti Kα1 and Sr Lα1 edges are coming from the substrate 
and are shadowed in the regions with the cubes. A strong contrast in Bi Mα signal 
between the cubes and the surrounding film (compared to a homogeneous map of the Fe 
Kα1 line) indicates that the cubes contain primarily Bi atoms. Therefore, it is concluded 
that these admixture phases are related to the Bi26-xFexO40-y phase, similarly to other 
studies of secondary phases in BiFeO3 thin films grown by high-temperature techniques 
[116, 117].  
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Figure 26. (a-b) SEM images of the sillenite Bi26-xFexO40-y phase crystallized on the 
surface of the BiFeO3 film with Bi:Fe>1; (c-f) EDX maps of chemical elements taken 
from the region shown in (b). 
 
 
Figure 27. SEM image of the morphology and the XRD pattern (inset) of the annealed 
BiFeO3 thin film (~50 nm thick). 
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Figure 28 shows TEM images of the sillenite phase that crystallized on BiFeO3 
and an unidentified phase. Sillenite formed primarily cubes that were epitaxial on both 
(100) SrTiO3 and BiFeO3, as would be expected for this phase assembly. The unknown 
phase with an evidently large lattice parameter (presumably c parameter) appeared 
occasionally in non-stoichiometric thin films in the form of small inclusions. A similar 
unknown phase was also observed in the annealed Bi-Fe-O film on SiO2/Si(001) (with a 
slight stoichiometry deviation Bi:Fe>1). In principle, one can speculate that this phase is 
related to the unidentified reflections on XRD pattern shown in Figure 15 for the sample 
annealed on SiO2/Si, the first peak occurring below 2θ≈11.5°. Although the two samples 
with the XRD patterns shown in Figure 15 were annealed in a close contact with each 
other, this large-unit-cell phase is not observed on the SrTiO3 substrate. At the same time, 
there are reflections with a large d-spacing observed on the XRD patterns of as-deposited 
films (Figure 13): the first peak corresponds to d ≈ 9.64 Å, which is larger than 7.61 Å 
observed for the annealed samples.  
 
 
Figure 28. (a) A sillenite cube on top of BiFeO3 and an unknown phase; (b) a high-
resolution image of the unknown phase; (c) the growth of the unknown phase on SrTiO3. 
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In order to study the evolution of secondary phases with temperature, in situ 
crystallization experiments were carried out using the time-temperature profile, under 
which the film is expected to reach the equilibrium state for each collected pattern. First, 
in situ study of the pure bismuth oxide thin film was performed. Then, these results were 
used to interpret the crystallization of a more complex Bi-Fe-O film (sillenite 
composition, Bi>>Fe). Results of the in situ XRD of ALD-grown Bi-O crystallization are 
shown in Figure 29. In the temperature range of 300-350°C an intense peak at 2θ = 9.5° 
(along with other weak reflections) is observed. Among numerous bismuth oxides there 
is only one phase that can produce a high-intensity XRD reflection at such low angles: 
Bi2O2.3 (same as Bi6O7). This oxide has a tetragonal structure (I4/mmm) with a = 3.85 Å, 
matching well with the lattice constant of SrTiO3, and a very large c parameter of 35.1 Å 
[118]. The Bi2O2.3 epitaxial phase formation was reported in bismuth oxide films grown 
by CVD under a low oxygen partial pressure on cubic substrates (such as SrTiO3 and 
MgO) at 600°C [119]. In our case the appearance of Bi2O2.3 instead of Bi2O3 is assumed 
to be due to the low-temperature ALD process that led to “under-oxidized” Bi-O thin 
films. This phase disappears above 350°C and does not exist at 600°C in the in situ 
experiments, in contrast to what was reported for the CVD-grown Bi2O2.3. There can be 
several possible reasons for the low-temperature crystallization of this phase: (a) the 
Bi2O2.3 phase is lattice-matched to the substrate, which can effectively lower the 
crystallization temperature of Bi2O2.3; (b) bismuth oxide in general is known to crystallize 
at temperatures lower than 250°C; and (c) the as-grown Bi-O film is primarily amorphous 
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and therefore has a very high Gibbs free energy, which makes it easy for the film to 
nucleate and grow in the form of epitaxial Bi2O2.3 nanocrystallites. 
 
 
Figure 29. XRD patterns collected during in situ annealing of the Bi-O thin film on (001) 
SrTiO3. Large gray dots designate the peaks coming from the hot stage. The crystal 
structure of Bi2O2.3 phase is given on the right. 
 
Another factor that reflects the metastability of Bi2O2.3 is its transformation into a 
more stable bismuth oxide when the substrate temperature reaches 375°C. Peaks at 2θ = 
9.5° and 35.2° disappear, leaving the peak at 28.1° almost intact, and a new reflection at 
∼32.7° emerges. Under heating to 700°C, these two peaks persist up to ∼500°C and 
disappear at higher temperature without any new X-ray reflections showing up. EDS 
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analysis of the films after the in situ annealing shows no trances of bismuth, i.e., it 
evaporated completely at T > 550°C. Because the peaks at 28.1° and 32.7° may be 
ascribed to different Bi2O3 phases, it is unclear into which phase Bi2O2.3 transformed. For 
example, it was reported that magnetron-sputtered Bi-O films grown at 200°C contained 
δ-Bi2O3, considered to be a high-temperature polymorph, but after a slight change in the 
growth temperature (to 250°C) a mixture of α-Bi2O3 and β-Bi2O3 formed [120]. The same 
films at 150°C were amorphous. Interestingly, ALD-grown Bi2O3 were reported to be α-
Bi2O3 (on Si(100)) above 250°C with a transformation into γ-Bi2O3 upon annealing at 
∼600°C [78], but films deposited at 90-150°C showed the presence of presumably β-
Bi2O3 ([201]-oriented) [121], which clearly changed into a polycrystalline film above 
270°C. Although the peak at 28.1° can be interpreted as the reflection of the (111) δ-
Bi2O3, the appearance of this polymorph is highly unlikely due to (a) a narrow 
temperature window of its stability, (b) pronounced lattice parameter mismatch with the 
SrTiO3 substrate, and (c) the fact that cubic (111) δ-Bi2O3 cannot be epitaxially 
accommodated on (001) SrTiO3 and such (111)-facet growth is energetically unfavorable 
on the (001) substrates. 
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Figure 30. In situ XRD study showing crystallization of the Bi-Fe-O thin film with the 
“sillenite chemical composition” (initial stoichiometry: Bi:Fe = 9:1). No traces of 
bismuth were found in the film after the in situ experiment, implying its complete 
evaporation at high temperature. Large gray dots designate the peaks coming from the 
hot stage. On the right the crystal structures of the sillenite phase (Bi26-xFexO39), 
Bi2Fe4O9 and binary bismuth oxide (most stable α-Bi2O3) are shown. 
 
Study of the Bi-O crystallization is necessary to understand the phase evolution in 
non-stoichiometric Bi-Fe-O films. The results of the in situ XRD crystallization study of 
the Bi-Fe-O film are shown in Figure 30. EDS analysis of the sample revealed the 
starting composition as Bi:Fe = 9:1 (which was expected to produce primarily a sillenite 
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phase) and the final composition as Bi << Fe, indicating a complete evaporation of 
bismuth oxide from the film during the annealing process. The as-grown films show the 
presence of essentially one broad peak at ∼8.5°, which has already been found as coming 
from the Bi2O2.3 phase (similarly to the case of the Bi-O films). As in the previous 
experiment, this phase disappears at 375°C and several other peaks emerge above 
∼400°C. The first peak at 2θ = 16.2° can correspond either to the (001) reflection of 
Bi2Fe4O9 [122], which in thermodynamic equilibrium should be present only in the film 
with Bi:Fe < 1 according to the Bi2O3-Fe2O3 phase diagram [86], or to the (110) β-Bi2O3 
(possibly doped by Fe) [123]. In our case (Bi >> Fe) the appearance of Bi2Fe4O9 would 
imply that either (a) the equilibrium was not reached and kinetically-limited processes 
played crucial role in the phase crystallization, or (b) BiFeO3 phase is not stable at low 
temperatures and the formation of Bi2Fe4O9 is thermodynamically more favorable. The 
next peaks with 2θ = 27.8°, 31.5° and 32.8° exist between 375 and 650°C and their 
location clearly suggests that β-Bi2O3 as their origin (according to [123]). Although there 
are no studies of Fe-doped β-Bi2O3, the doping of the β polymorph by other cations can 
be done. As reported in [123, 124], doping can improve the structural stability of 
otherwise metastable β-Bi2O3, which could take place in our case. At the same time, in 
the range from ~500°C up to 700°C a small fraction of the (001)-oriented BiFeO3 layer 
forms, as indicated by a shoulder on the right side from the substrate peak. Thus, the 
following scenario can be proposed: At lower temperatures (200-350°C) the 
crystallization of Bi2O2.3 takes place, then β-Bi2O3 appears and exists up to almost 650°C; 
in the meanwhile, at ~500°C the amorphous Fe-O reacts with the bismuth oxide and 
forms BiFeO3.  It should be noted that the appearance of the sillenite phase (γ-Bi2O3) 
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instead of β-Bi2O3 in the annealing process was expected, yet the formation of metastable 
polymorphs (Bi2O2.3 and β-Bi2O3) indicates the complexity of the crystallization from the 
amorphous films.  
 
 
Figure 31. In situ crystallization of epitaxial (111) δ-Bi2O3: (a) the appearance of the 
(111) peak with temperature; (b) full XRD patterns showing that only δ-Bi2O3 crystallizes 
during in situ annealing. The temperature dependence of the intensity of the (111) peak is 
in the inset. 
 
The study of the sillenite-composition film crystallization was also performed for 
the Fe-doped Bi2O3 grown on (111) YSZ. This substrate has a fluorite crystal structure 
with a large lattice parameter (a = 5.125 Å) closely matching those of the sillenite (a = 
10.18 Å, lattice mismatch is 0.6%). Figure 31(a) shows the crystallization process, where 
only one phase was observed during the in situ annealing of the Bi-Fe-O film 
(Bi:Fe=4:1). Interestingly, this peak belongs to the (111) δ-Bi2O3 and not the (222) Bi26-
xFexO39 (2θ = 30.39°). The growth of epitaxial (111) δ-Bi2O3 thin films was reported to be 
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easily obtainable on the (111) ZrO2(Y2O3) substrate via physical vapor deposition [125, 
126]. The crystallization begins at 400°C and the peak increases up to ∼620-640°C, after 
which the intensity starts to gradually decrease with temperature probably due to the 
bismuth oxide volatilization. The inset in Figure 31(b) shows the temperature evolution 
of the peak intensity. Importantly, no other phase shows up during crystallization, and the 
only peak available has a high intensity and a position that coincides with the diffraction 
angle from the (111)-oriented δ-Bi2O3. Although it is not clear why instead of the sillenite 
phase (γ-Bi2O3) the δ-Bi2O3 phase is observed, there can be several factors to contribute: 
(a) both YSZ and δ-Bi2O3 have a fluorite structure, which could serve as a basis for the 
solid-state epitaxial stabilization (although the crystallization of a sillenite is hardly less 
favorable); (b) δ-Bi2O3 should be able to accommodate Fe as a doping species, which can 
stabilize this phase at lower temperatures (as happens in rare-earth-doped δ-Bi2O3 [127]). 
The difference in the crystallization of Fe-doped Bi2O3 on (001) SrTiO3 and (111) YSZ 
signifies the importance of lattice-matched substrate proximity for the epitaxial 
stabilization of the oxides grown by ALD. 
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CHAPTER 4: FERROELECTRIC MATERIALS FOR PHOTOVOLTAICS 
4.1 Growth and characterization of KNbO3-based materials 
 One of the ways to control the bandgap of oxide ferroelectrics is a specific 
chemical substitution, successfully realized, for example, in the LaCoO3-doped Bi4Ti3O12 
[128] and BaNi0.5Nb0.5O3-doped KNbO3 [73] systems. In the latter case the bandgap 
reduction occurred due to the introduction of Ni2+−oxygen vacancy pairs, which was 
predicted to create a new valence band minimum composed of hybridized Ni 3d and O 2p 
states.  
The chemical composition of the films was varied by either changing the target 
composition or by changing the oblique angle (more potassium was found in the films 
mounted with a larger off-axis distance). Figure 32 shows the variation in morphologies 
observed in the SEM for different cation compositions. For the ratio of K:Nb>2 (Figure 
32(a-b)), the surface of the film does not contain any "shaped" crystallites and 
presumably is composed of KOH or K2CO3, which could have formed from the excessive 
potassium oxide after the growth was complete and the sample was exposed to air. When 
K:Nb is reduced to ∼1.6, the formation of the large-scale dendrites on the surface is 
observed (Figure 32(c-d)) and a rough surface with impurity phases on top of it (Figure 
32(d)). In some cases (Figure 32(e-f)) a different organization of impurity phases took 
place. The difference between the two morphologies for the K:Nb∼1.4-1.6 samples given 
in Figure 32(c, e) can arise from some local thermal/pressure fluctuations during growth. 
In contrast to the growth of other perovskite oxides such as BaTiO3 or LaMnO3, the 
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formation of secondary phases in KBNNO and pure KNbO3 films was highly sensitive to 
the oblique angle and the changes in temperature/pressure in the chamber.  
 
 
Figure 32. SEM images of the KBNNO thin films grown on (001)SrTiO3 with different 
molar ratios between A=(K+Ba) and B=(Nb+Ni): (a-b) A:B = 2.48, (c-d) A:B = 1.56, (e-
f) A:B = 1.43, (g-i) A:B = 0.88. The chemical composition was determined using EDS 
analysis and corrected using RBS. A clear change in morphology is observed when 
moving from the K-rich surface (a-d), which presumably contains mainly KOH/K2CO3, to 
thin films with a moderate excess in K (e-f) with dendric formations, to a clean "cube-on-
cube" surface (g-i) when the potassium concentration is low enough to produce phase-
pure perovskite KBNNO thin film. 
 
Figure 32(g-i) shows various morphologies that were found for the (nearly-) 
stoichiometric KNbO3 and KBNNO thin films grown on (001) SrTiO3. The "cubic" 
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grains that were earlier reported in the case of K(Ta,Nb)O3 and KNbO3 grown by PLD 
[129-131] were also observed in our films. The growth on (111) SrTiO3 results in the 
"triangular" surface features expected for the (111) KNbO3 film (Figure 33). 
 
 
Figure 33. SEM image of the KBNNO thin film grown on (111) SrTiO3. 
 
The impurity phases coming from small deviations in the chemical composition 
during growth do not always show up on the XRD patterns. Given high diffusion rates of 
potassium oxide, the secondary phases appear mostly on the surface, making it a good 
indicator of the phase purity of the films. Thus, SEM survey of the surface was found to 
be an easy and straightforward approach to determining the phase purity for KNbO3-
based thin films. When the deposition procedure is well adjusted, the KBNNO and 
KNbO3 films can grow with a minimal roughness (Figure 34). However, this does not 
exclude the appearance of a contrast in the SEM images of the surface (such as in Figure 
32(g-i)), where the grains and grain boundaries of the smooth film are still visible. 
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Figure 34. (a) X-ray reflectivity results (colored curves) and their fitting for the KNbO3 
thin films having different thicknesses. (b) XRR scan for a 122 nm KBNNO film on (001) 
SrTiO3. The films are uniform and have a maximum roughness of several ångströms. 
 
 Following a complexity of the PLD growth [132], a more detailed exploration of 
the parametric space for the PLD of K-containing films within this work is hardly 
possible. Currently, various aspects of such growth have been studied in separated 
reports, providing an overall picture of the process. For example, the compensation for 
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potassium oxide evaporation during the growth of single-phase KNbO3 can be carried out 
by alternating the target stoichiometry (K:Nb>1) [129, 130, 133, 134]. An increase in the 
target-substrate distance reduces the K:Nb molar ratio in the film [133-136]. An oblique 
angle (the x-y position of a substrate with respect to the plume) also has a strong 
influence on the chemical composition of the film [135, 136]. An increased temperature 
of a substrate reduces the K content in the films [130, 134, 136], while a higher oxygen 
pressure increases the K:Nb ratio [130, 134]. A complex behavior of the K:Nb ratio was 
also observed with the change in the laser fluence [134]. Interestingly, the composition of 
the plume back-scattered from the substrate showed an improved K:Nb ratio, implying 
that K backscatters more easily than Nb. Moreover, the K:Nb ratio in the back-scattered 
plume shows a non-trivial dependence on the oxygen pressure [134]. 
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Figure 35. (a) Typical X-ray diffraction patterns showing only (00l) peak series for thin 
(< 100 nm) KBNNO and KNbO3 films as well as for a thick (~400-800 nm) KNbO3 film. 
(b) The (002) reflections for the KNbO3 films of different thicknesses; a thick film 
demonstrates a doublet of peaks - one being essentially similar to the peaks for the thin 
films and the main peak having a smaller d(002) spacing. (c) Rocking curves for the 
(001)KNbO3 films that are 52 and 23 nm in thickness. Reciprocal space maps for the 
(103) reflections from the (d) KBNNO/LaAlO3(001), (e) KBNNO/SrTiO3(001) and (f) 
KNbO3/SrTiO3(001). 
  
 Typical XRD patterns for KNbO3 and KBNNO thin films grown on (001) SrTiO3 
or (001) La0.7Sr0.3MnO3/SrTiO3 are shown in Figure 35(a). No difference in the c lattice 
parameters between the KNbO3 and KBNNO (x=0.1 doping) films was observed. From 
the reciprocal space mapping thin films are relaxed even on bare substrates such as (001) 
SrTiO3 and (001) LaAlO3 (Figure 35(d-f)). However, it is hard to estimate the degree of 
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relaxation. Figure 35(b) shows the (002) reflections for the KNbO3 films of different 
thicknesses and the SrTiO3 substrate (with the La0.7Sr0.3MnO3 sublayer). The peak shifts 
to a higher angle with increasing thickness, indicating the decrease of the c parameter 
from 4.096 to 4.085 Å. A thick film (the minimum thickness is 400 nm) demonstrates a 
doublet: the first peak essentially coincides with the (002) peaks for the thin films (c = 
4.067 Å), and the second reflection has a noticeably smaller lattice spacing corresponding 
to the c = 4.046 Å. The difference in the peak position and intensity for the thick film 
indicates the presence of two distinct layers that have different lattice parameters. This 
can be related to two possible phenomena. First, if there is a difference in stoichiometry 
between thin and thick films, then the potassium and/or oxygen deficiency can lead to 
different lattice parameters in the films. Second, it is possible that the thin films are still 
partially strained and their lattice parameters may deviate slightly (in our case, it is ~0.02 
Å) from those of the completely relaxed thick film. Rocking curves for the 23 nm- and 52 
nm-thick films are depicted in Figure 35(c). The full widths at half maximum (FWHM) 
are ~0.03-0.05°, indicating a high orientational quality of the films. 
 According to the HAADF STEM study, KBNNO thin films (grown on 
(001)SrRuO3/SrTiO3) do not contain a noticeable amount of impurity phases and grain 
reorientations, the perovskite structure being easily observable (Figure 36(a)). There 
were no Ni-containing agglomerations found, which indicates a homogeneous 
distribution of Ni as a dopant. However, unusual planar defects were observed randomly 
distributed throughout the film. Some of these defects are located at the interface between 
the KBNNO film and the SrRuO3 sublayer, and others appearing stretched out inside the 
KBNNO film parallel to the film-substrate interface. The defects represent double layers 
 
 
 
72 
of potassium, as evident from the constituent low-intensity atomic columns (Z-contrast 
for Nb is higher than for K). To further analyze the double layers, the mapping of the 
chemical elements was carried out using electron energy loss spectroscopy (EELS). The 
corresponding map of potassium (using K L2,3 edge) is shown in Figure 36(h). The EEL 
spectra for the oxygen K edge (Figure 36(i)) across the double layer sandwiched between 
the KBNNO film and SrRuO3 sublayer demonstrate the changes in the fine structure 
(colored regions).  
 
 
Figure 36. HAADF STEM images of the KBNNO/SrRuO3/SrTiO3 cross-sectional 
specimen viewed in the [110] zone axis. The specimen shows planar defects (a-c) 
composed of low-contrast element (presumably double potassium layers) that can appear 
either at the KBNNO-SrRuO3 interface or inside the KBNNO film. In many cases the 
double layers of K act as crystallographically "independent" layers, which results in the 
relaxation of the on-grown KBNNO layer (d-e). Chemical mapping of potassium using 
electron energy-loss spectrometry shows a clear double potassium layer in the planar 
defect (g-h). In (i) EEL spectra of the O K edge across such a defect are shown. 
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 These planar defects are reminiscent of the stacking faults that can be observed in 
the perovskite and perovskite-like structures. Still, there is a strong difference between 
the observed layers and the real stacking faults. The latter should be part of the structure 
and not introduce an interruption of the structural continuity. For the majority of the 
observed planar defects the top and bottom potassium layers act as if they belong to 
separate "grains", which leads to the discontinuity of the lattice planes along the <001> 
direction (Figure 36(d-e)). As a result, in many places the top layer appears strain-
relaxed as in thin films with a misfit-dislocation-enriched epitaxial interface. Up to now 
various mechanisms for the epitaxial strain relaxation in oxides are known, including 
polymorphous phase transformations [137], oxygen vacancy ordering [138], changes in 
oxygen stoichiometry [139]. In contrast, here a different mechanism is observed, i.e. the 
relaxation in the ABO3 perovskite structure through the formation of planar defects 
composed of the A-site cations. In principle, one should differentiate between the two 
types of the observed double potassium layers: one being right on top of the SrRuO3 layer 
(potassium oxide layer on top of the RuO6 octahedra layer), and the other having NbO6 
octahedra on both sides of the planar defect. Interestingly, the strain relaxation took place 
more often in the double potassium layer on SrRuO3 rather than in those located in the 
"bulk" of the film. All in all, the relaxed state of the film indicated by the RSM results 
correlates well with the STEM observations. Noteworthy, the density of the potassium 
double layers does not seem to be excessive (in some places only isolated short double 
layers are found), implying that part of the film can still be strained. This supports the 
hypothesis that a small difference in the lattice parameters between the thick and thin 
films results from the remnant strain in the latter case. 
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Figure 37. Extended energy-loss fine structures (EXELFS) for the K L2,3, Nb M2,3, Nb 
M4,5 and O K edges in the KBNNO thin films (accumulated from the HAADF STEM 
image shown on the left). 
 
 Due to the lack of literature data on KNbO3, extended energy-loss fine structures 
(EXELFS) for the K L2,3, Nb M2,3, Nb M4,5 and O K edges in the KBNNO thin films were 
measured (Figure 37). The EXELFS spectra for K L2,3  edge contain two main peaks a 
and b, which are relatively intensive and can be easily mapped throughout the cross-
sectional specimen. The Nb M4,5 edge does not exhibit as much intensity and is composed 
of two overlapping a and b and a small c feature. The proximity of the Nb M4,5 to K L2,3 
and Ru M4,5 edges makes it difficult to identify the peak marked by the asterix near ~280 
eV. In contrast, the Nb M2,3 edge shows clear features (a, b and a doublet c), which are 
observed in pure Nb2O5. The EXELFS spectra for the O K edge demonstrate no less than 
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5 maxima, some of which change upon crossing the interface between KBNNO and 
SrRuO3 (Figure 36(i)). 
 
 
Figure 38. A typical ferroelectric polarization loop measured for the KBNNO film. Blue 
curve corresponds to the 50 Hz and red curve – to 100 Hz. 
 
 Unfortunately, the measurements of the ferroelectric loops in the KBNNO thin 
films did not reveal any ferroelectric switching. Strong leakage currents did not permit 
the application of electric field above few volts for the 100-200 nm films, which is 
significantly lower than a coercive field of typical KNbO3-based ferroelectrics (including 
KBNNO [73]). Figure 38 shows a typical loop observed in the P(E) measurements. The 
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resistive leakage is evident and significant for Vmax = 0.3 V. In many cases “football”-like 
loops were observed too. Low-temperature measurements (down to 77 K) did not reveal 
any noticeable improvement in the “ferroelectric” switching behavior (although the 
resistivity increased). The photovoltaic effect was not observed in the KBNNO thin films 
grown on either SrRuO3 or LSMO bottom electrode. The post-growth in situ (in the PLD 
chamber) annealing also did not yielded lower leakage. It is concluded that, despite all 
the efforts to optimize the film growth, the inability to maintain stoichiometric potassium 
content may be connected with poor dielectric performance of the films. 
 
4.2 Probing ferroelectric switching on the nanoscale in the KBNNO films. 
 To further understand the ferroelectric behavior of KNbO3-based thin-film 
materials, scanning probe microscopy studies of the switching and leakage currents were 
performed. Because conventional single-frequency PFM showed a significant change in 
frequency during the bias sweep and could not be used to properly perform piezoresponse 
force microscopy, a band-excitation (BE) PFM was utilized. In the BE measurements the 
exciting signal (sent to the tip) has a finite spectral density in a band centered on a 
resonance peak, which is different from a “conventional” sine wave used in single-
frequency SPM. The output frequency-dependent signal (response) is collected using a 
photodetector and, after certain analysis, gives the amplitude, resonance frequency and Q 
factor of the oscillator. Thus, the output data is three-dimensional and contains the 
response amplitude A(x,y,ω) and phase θ(x,y,ω), both being dependent on the coordinate 
of the SPM tip (x,y) and frequency (ω). A more detailed discussion of the band-excitation 
SPM and its applications can be found in [140] and [141]. 
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 Piezoresponse (PFM) mapping technique is sensitive enough to work even in 
ultrathin limit (< 5 nm), when leakage currents in ferroelectrics can become 
overwhelming [142].  
 
 
Figure 39. Room-temperature band-excitation PFM results of the KBNNO thin film. (a-
b) Band-excitation spectra (ω is the excitation frequency) that change under the 
excitation of the triangular wave form (divided into 64 steps). The (a) is the PFM 
amplitude, (b) is the PFM phase. These band-excitation spectra represent the data 
averaged over the 15x15 point array. 
 
 Figure 39(a-b) shows the band-excitation PFM results obtained at room 
temperature for the KBNNO thin film (~80 nm thick) grown on the Nb:SrTiO3 substrate. 
Both the amplitude and phase band-excitation spectra were collected in each point of the 
15×15 grid, which covered 500×500 nm on the surface of the film (~33 nm per square 
point). The spectra averaged over the entire grid are given in the Figure 39(a-b), showing 
the presence of ferroelectric switching in KBNNO and the deviation of the resonance 
frequency from the average value. The average resonance frequency is located at ~355 
kHz, where the phase switches sign and the amplitude oscillates with the bias 
 
 
 
78 
(represented by the “number of steps”). In the experiments such shifts of the resonance 
frequency were clearly observed within one grid (from point to point), which varied from 
~335 up to 370 kHz. The frequency was also fluctuating during the bias application 
(triangular wave form, in 64 steps), as shown in Figure 40(c-f) for individual points on 
the grid. Figure 40(c-d) shows the distribution of the resonance frequencies for two 
different biases (+3.5 V (step 25) and -6.56 V (step 50)). Using further data processing 
and filtering it was possible to extract the "ferroelectric switching" maps that depict the 
switching events (hystereses). 
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Figure 40. Room-temperature band-excitation PFM results of the KBNNO thin film. (c-
d) The "bias" slices for the 25th step (when U = 3.5 V) and the 50th step (when U = -6.56 
V) that demonstrate the variation of the resonance frequencies over the scanned area. (e-
h) Spectral band-excitation data for some of the individual points showing the variation 
of the resonance frequency with bias (steps). 
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 Figure 41 shows the maps of PFM loops in the 500×500 nm area obtained at 175 
K and 300 K. The loops outlined in red represent the ferroelectric switching events, while 
the blue-colored area corresponds to either the absence of a hysteresis loop or a "bad-
shaped" loop. The lateral size of non-switching areas varied from more than 200 nm 
down to 30-60 nm (one square size). Figure 42 shows the BE PFM maps at different 
temperatures obtained for the KBNNO thin film. The value in each grid point is in 
arbitrary units (a color bar on the right is the same for each map) and represents the 
difference between the maximum and minimum piezoresponse values Zmax-Zmin. 
Essentially, the images can be viewed as the piezoresponse maps, where the deep-blue-
colored areas do not show switching and the other areas showing variations in the 
piezoresponse. The distribution of switching events is not homogeneous and reveals 
clustering into islands without a noticeable difference in clustering behavior within the 
accessible temperature range (120 - 300 K), similarly to the map of the hysteresis loops in 
Figure 41. Interestingly, at 120 K the KBNNO film reveals a smaller fraction of 
switching regions and the piezoresponse values are noticeably lower (Figure 42, 120 K). 
Because the parent ferroelectric KNbO3 is known to have sequential phase transitions 
(changes in the crystal symmetries) at different temperatures, it is possible that KBNNO 
could undergo one of such transitions below ~150-175 K and at 120 K a different 
ferroelectric domain structure does not reveal as many PFM hystereses in the out-of-
plane PFM measurements. 
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Figure 41. The map of the PFM loops obtained from the KBNNO film using band-
excitation PFM at room temperature (in each point three loops are averaged). The loops 
framed with red squares show real switching events. The area colored in blue depicts 
either non-switching or poorly switching events. 
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 In the previous study the KBNNO ceramics demonstrated ferroelectric switching 
up to 170 K, above which the leakage became overwhelming. In the ceramic samples the 
local inhomogeneity is averaged and cannot be observed by means of SPM 
measurements. However, in this work the leakage in the epitaxial KBNNO films was 
found spatially inhomogeneous. In order to understand the origin of the observed 
behavior, the study of similar epitaxial thin films of the parent KNbO3 perovskite grown 
by PLD under the identical conditions was performed. However, in this case the local 
switching and leakage of the KNbO3 and KBNNO thin films are studied by measuring I-
V curves and strain loops in the temperature range from 110 to 300 K following a well-
established approach to probing ferroelectric switching [143]. Figure 43(a) shows a 
topographic scan of the surface of the 66-nm-thick KNbO3 film obtained with an AFM. A 
15×15 grid was overlaid on the scan area and then I-V and strain loops were measured in 
each point. Figure 43(b-c) shows the exemplifying I-V curves in the two grid points 
obtained at room temperature. The I-V behavior is generally slightly rectifying and shows 
considerable current values from few hundreds up to 1 µA under the application of only 3 
V. The strain loops were recorded simultaneously with the I-V curves. Figure 43(d-f) 
shows the distribution of the electrical current at a given bias (-3, +0.3 and +3 V) 
obtained from the I-V maps. The mapping of strain loops did not show "butterfly" 
hystereses in KNbO3 thin films with abrupt changes in Z-height, which is a sign of robust 
ferroelectric switching (as it was observed in, for example, Pb(Zr0.2Ti0.8)O3 [143]). Only a 
small number of isolated points on the grid demonstrated strain loops that have separated 
minima on the forward and backward scans. In the rest of the grid points the strain loops 
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were absolutely identical, implying no piezo-switching events taking place during voltage 
sweeps. 
 
 
Figure 42. The amplitude maps of the piezoresponse change (Zmax-Zmin) of the KBNNO 
thin film obtained in the band-excitation PFM measurements at different temperatures. 
Each square point on the map is 33 nm in size for the temperatures of 175 K and above 
(for 120 K the point size is 20 nm). The scan size is 500 nm. The color bar on the right 
represents the piezoresponse change in arbitrary unites and is the same for each map 
(fixed scale). 
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Figure 43. Room-temperature SPM measurements of the KNbO3 thin film (66 nm thick). 
(a) AFM image of the scanned area with the overlaid 15x15 grid, in each point of which 
the I-V was measured. (b-c) Typical I-V curves for different points of the grid. (d-f ) The 
slices at a particular bias (-3 V, 0.3 V and 3 V, respectively) showing the electric current 
variation over the scanned region of the film. 
 
 Although we did not observe a strict correlation between the I-V curves and 
measured strain loops, in our experiments the strain loops in general tend to be 
"butterfly"-like (but without jumps/drops of current) when the current is relatively low. 
The values of the current in pure KNbO3 films (60 nm) at T < 200 K are the same as 
those observed in the 30-nm Pb(Zr0.2Ti0.8)O3 thin films at room temperature [143], 
implying that KNbO3 has substantial leakage compared to the other well-known 
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ferroelectrics. At higher temperatures (200 to 300 K) a considerable increase in the 
leakage current in KNbO3 essentially prevents the ferroelectric switching. It is important 
to note that the measurements of the I-V curves were done at low frequencies (voltage 
sweeps were performed at a frequency of ~300 Hz), while the band-excitation PFM uses 
the resonance frequency that exceeds 300 kHz. Thus, the two methods are 
complementary to each other and provide a general picture of the electronic behavior of 
KBNNO and KNbO3 films. 
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Figure 44. SPM measurements of the KNbO3 film (66 nm thick) carried out at 135 K. (a) 
AFM image of the explored area. (b-e) The slices at -20, -2.5, 2.5 and 13 V, where the 
variation of the electric current over the scanned area can be observed. (f-h) I-V (top) 
and Z-V (bottom) curves obtained in three consecutive measurements from one area. 
  
 HAADF STEM imaging was performed to directly reveal the shift of the 
"ferroelectrically-active" Nb atoms inside the perovskite structure. Figure 45(a) shows a 
HAADF-STEM image of the KBNNO film collected in the [-110] zone axis; the brighter 
spots correspond to the atomic columns of Nb and the less intense spots are the columns 
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of K. Figure 45(b) shows the K-Nb distance variation along the [110] direction, which is 
calculated from the columns within the red rectangle. Similar results can be observed for 
other columns. The periodic change in the K-Nb distance suggests the non-
centrosymmetric location of the Nb atoms with respect to the K atoms in the unit cell, 
which is expected for perovskite ferroelectric materials. In some cases, the periodicity 
changes to the opposite (K-Nb—K-Nb—K-Nb to K—Nb-K—Nb-K—Nb), as can be 
seen in the left part of Figure 45(b), implying the presence of the ferroelectric domain 
wall at this location. Thus, it is concluded that KBNNO thin films structurally are similar 
to KNbO3, but a very strong leakage, the nature of which is discussed below, prevents the 
films from switching and getting poled. 
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Figure 45. (a) HAADF STEM image of the KBNNO film ([-110] zone axis). (b)The 
distance between the K and Nb columns plotted for the red-squared region showing the 
periodic change in the distance between the neighboring K and Nb atoms. 
 
 There can be two sources for the inhomogeneous ferroelectric switching and the 
presence of strong leakage of in the KBNNO and even parent KNbO3 thin films. First of 
all, the formation of oxygen vacancies is well known to introduce leakage in dielectric 
and ferroelectric ceramics. Second, the potassium deficiency appearing during growth 
can also play a role in significant leakage. During the growth of perovskites the structure 
can accommodate a certain amount of point defects without losing the structural integrity 
and form secondary phases. For example, a deterioration of antiferromagnetic order takes 
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place in cation-deficient La1-xVO3, when for the x=0.1 composition Neel temperature was 
reduced by ~60 K as compared to the stoichiometric composition [144, 145]. Li1-xNbO3 
has a region of homogeneity for the lithium content x from 47 to 50 mol. % 
(compensated by oxygen vacancies) and resulting composition-dependent Curie 
temperature, which decreases with smaller concentration of Li [146]. Similarly, cation 
deficiency in Na1-xNbO3 can reach 4% (and possibly up to 10%) [147]. Thus, it is 
reasonable to assume that KNbO3 and KBNNO thin films may exhibit potassium 
deficiency following a high volatility of potassium oxide and difficulty in precise control 
of its content in the film during growth. Moreover, in contrast to bulk materials such as 
ceramics, in thin films the epitaxial stabilization can promote the defect formation and 
significantly broaden the region of homogeneity for the metastable phase [35]. The 
regions that demonstrate clear PFM hysteresis loops could have more stoichiometric 
potassium composition and thus show less leakage. There are several factors that play a 
role in or can contribute to the inhomogeneous switching. First, upon the deviation of the 
local chemical composition from the stoichiometric one, the area under the conducting 
SPM tip becomes too leaky to make ferroelectric switching possible. Second, the lattice 
distortions caused by redundant point defects in non-stoichiometric regions can 
effectively lower the Curie temperature of the ferroelectric phase transition. Third, the 
ionic conductivity involving both K+ and O2− in non-stoichiometric films can 
significantly contribute to leakage currents, especially at higher temperatures. For 
example, the contribution of oxygen vacancies was found to be the main cause for high 
conductivity in BiFeO3 films [148], and in [149] the oxygen vacancies were used to 
module/control the conduction of Ca-doped BiFeO3 thin films. Reproducible and 
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substantial variation of the resonance frequency (∆ω~30 kHz) from one sample point to 
another in the BE PFM mapping can imply inhomogeneities in elasticity (elastic 
modulus, E) of the film, which could appear due to the spatially non-uniform potassium 
distribution.  
 To conclude, the band-excitation PFM shows a spatially inhomogeneous 
ferroelectric switching in the KBNNO films at temperatures above ~150 K and weak 
piezoresponse below this temperature. The measurements of I-V and strain loops reveal 
the distribution of the leakage currents, which appeared to be orders of magnitude higher 
than those observed in other ferroelectrics at room temperature. It is suggested that the 
difficulty in the control of the potassium content during the film growth results in the 
potassium and oxygen deficiency, which significantly affects the structure and electronic 
properties of the film. This non-stoichiometry in thin films can, in principle, exceed the 
homogeneity region for the ceramic KNbO3-based materials due to the effect of epitaxial 
stabilization. The results imply that the cation deficiency can play a crucial role in the 
development of leakage and deterioration of ferroelectric polarization in ferroelectric 
oxide thin films. 
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4.3 Ferroelectric thin films based on BaTiO3 
 Following the “Ni2+−oxygen vacancy” approach designed to create a 
semiconductor ferroelectric, the electronic structure of the well-known ferroelectric 
BaTiO3 was modified by alloying it with BaNi1-xNbxO3-δ (x=0.5). The design of the 
semiconductor ferroelectric based on BaTiO3 implies the co-existence of Ni2+ and Nb5+ 
cations. Provided Ni2+ cations are present, the x=0.5 composition of the doping phase 
should introduce a charge imbalance into the parent BaTiO3, allowing for the formation 
of oxygen vacancies. Epitaxial thin films of the (BaTiO3)0.9-(BaNi0.5Nb0.5O3)0.1 (BTNNO) 
solid solution were prepared by PLD on the (001) SrTiO3, Nb:SrTiO3 and 
La0.67Sr0.33MnO3/SrTiO3(001) substrates. According to the XRD studies, the BTNNO 
thin films grow high-quality and epitaxial on the (001) SrTiO3 (Figure 46(a)). From the 
reciprocal space mapping (RSM) measurements the films of ~100 nm in thickness 
appeared to be partially relaxed (Figure 46(b)).  
 
 
Figure 46. (a) X-ray diffraction (2θ/ω-scan) and (b) RSM of the BTNNO film grown on 
(001) SrTiO3.  
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Figure 47. Energy-dispersive X-ray spectrum collected from the BTNNO thin film. 
 
 Chemical composition of the films was validated using EDS and XPS analysis. In 
Figure 47 a typical energy-dispersive X-ray spectrum is shown. The peaks from the low-
quantity elements such as Ni and Ba can be distinguished. In Table 1 the chemical 
composition derived from the EDX and XPS analyses is shown. In EDX the Ba:Nb:Ni 
ratio is ~1:0.09:0.07, which is essentially identical to the initial ceramic composition of 
the pellet (considering the possible error in the EDX spectrometer, which is typically 
within 5% for the well-shaped peak). XPS revealed a decreased amount of Ni, which can 
be due to the fact that XPS probes only the surface or that the spectrum for Ni was not 
collected for long enough time. The important result is that Ba:(Ti+Ni+Nb) ≈ 1, as in the 
initial ceramic composition.  
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Table 1. Chemical composition obtained using EDS and XPS. 
EDS XPS 
Element Atomic % Element Binding Energy Atomic % 
O K 68.06 O 1s 530.5 64 
Ti K 15.06 Ti 2p3/2 459.05 16.8 
Ni K 0.18 Ni 2p3/2 853.75 0.3 
Ba L 2.46 Ba 3d5/2 780.1 17.6 
Nb L 0.23 Nb 3d 207.6 1.3 
Sr L 15.02    
 
  
 Transmission electron microscopy (TEM) showed a good crystalline quality of 
the films and the interface between the La0.67Sr0.33MnO3 electrode and BTNNO as well as 
the presence of c-oriented “cubical” grains (Figure 48(a-b)).  
 
 
Figure 48. Low-magnification (left) and high-resolution (right) TEM images of the 
BTNNO/LSMO interface (shown by the white arrows).  
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 Using XPS analysis of the BTNNO thin film grown on the conducting Nb:SrTiO3, 
we found the cations that are not supposed to drive the oxygen vacancy formation to 
remain in their predicted oxidation states (Figure 49). Ti 2p3/2 peak does not reveal any 
deviation from the Ti4+ state. Similarly, Ba and Nb have the oxidation states of 2+ and 
5+, respectively. With regard to the key component of the new composition – nickel – 
the XPS revealed two peaks related to the Ni 2p3/2 states: the main peak at 853.8 eV and 
its satellite at 856.1 eV (Figure 50). The binding energy of the main peak corresponds to 
Ni2+ oxidation state [150, 151] as intended. The satellite peak, which has a higher binding 
energy, corresponds to the Ni3+ in the film. Integration of these two peaks allowed us to 
obtain the molar ratio between Ni2+ and Ni3+ in the film, which was ~ 3:1.  
 
 
Figure 49. X-ray photoelectron spectra of the BTNNO film on conducting (001) 
Nb:SrTiO3. 
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 The design of the BTNNO material implies that BaNi0.5Nb0.5O3-δ has no oxygen 
vacancies (δ=0) only when it contains solely Ni3+. In the actual experiment (under the 
PLD conditions used) Ni tends to primarily have the oxidation state of 2+, which is 
charge-compensated via the formation of oxygen vacancies. This allows us to estimate 
the concentration of such oxygen vacancies to be ~1.9 at. %.  
 
 
Figure 50. XPS of the Ni 2p3/2 states revealing the present of both Ni2+ and Ni3+. 
 
 Importantly, the XPS of the valence band structure of the BTNNO film revealed 
an additional band (as compared to pure BaTiO3 [58]) with a peak at ~2 eV (Figure 
51(a)). Notably, the peak represents an additional density of states that can effectively 
reduce the optical band gap of the BTNNO material.  
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Figure 51. (a) XPS of the valence band electronic states of the BTNNO film on 
conducting Nb:SrTiO3. (b) The same spectrum near the Fermi level (background-
subtracted) with approximated band values. 
 
 A closer analysis of the region near the Fermi level (Figure 51(b)) shows that a 
linear approximation of the two first slopes (following a standard approach described, for 
example, in [152, 153]) – one from the supposed Ni 3d peak and the other from O 2p first 
peak – results in two characteristic energies: E1=0.8 eV and E2=3.2 eV. To obtain the 
peak in the Figure 51(b) the XPS data (ranging from 9.5 eV down to 0) shown in Figure 
51(a) was fitted with 4 Lorentzian peaks over a linear background. E2 essentially shows 
the valence band minimum of pure BaTiO3 (3.3 eV, as determined by XPS/UPS [154]), 
signifying a negligible band offset at the interface between the BTNNO film and 
Nb:SrTiO3. The energy E1 represents the new valence band minimum, presumably 
caused by the defect states via BNNO doping. Spectroscopic ellipsometry of the bulk 
BTNNO ceramic pellet (which has black color) shows a similar absorption trend (Figure 
52(a)). When compared to Si (data taken from [155]), BTNNO has a significant 
absorption extended down to almost 1 eV. 
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Figure 52. Absorption coefficients of the bulk BTNNO as compared to silicon (data from 
[155]. 
 
 In order to study the ferroelectric properties of the BTNNO films, which is crucial 
to the successful realization of the photovoltaic effect, we tested the ferroelectric 
switching of the films grown on La0.67Sr0.33MnO3/SrTiO3(001). Two geometries of the 
measurements were used: (a) “single-pad geometry”, where the bias was applied between 
the top and the bottom contacts; (b) “double-pad geometry”, where the bias was applied 
between two separate top contacts and the electric current flew through the bottom 
electrode (Figure 54(a)), effectively doubling the “switching thickness”. Ferroelectric 
testing was performed for the films with different thicknesses (~80 and 130 nm) at 
various switching rates in the temperature range of 77-300 K (for “single-pad” 
ferroelectric loops of the 80-nm and 130-nm film see Figure 53). 
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Figure 53. Single-pad measurements of (a) 80-nm and (b) 130-nm the BTNNO film 
grown on LSMO/STO(001). 
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Figure 54. Schematics for the single-pad and double-pad measurements used in the 
experiments. 
 
 
Figure 55. (a) Ferroelectric switching of the 130-nm BTNNO film in the double-pad 
geometry on LSMO/SrTiO3 (time-dependent-filtered at 100 and 200 Hz). (b) 
Capacitance-versus-voltage measurements of the same film at room temperature. 
  
 In these experiments a robust ferroelectric switching was found to be present in 
the BTNNO films up to the temperature of 300 K. Although ferroelectric loops were 
observed above room temperature, further work is necessary to confirm it and understand 
its origins. The capacitance-versus-voltage measurements showed a typical “butterfly” 
loop, which also confirmed polarization switching (Figure 55). Both 80-nm and 130-nm 
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films exhibited the switching of ferroelectric polarization in the single-pad geometry, i.e. 
when the bias was applied only to the BTNNO film under one conducting pad. When the 
thickness of the film was 40 nm, the ferroelectric loops exhibited a strong contribution 
from leakage currents. No electrical breakdown was observed up to ~15 V of applied bias 
for the 80-nm film (~1870 kV/cm), which is a reasonably high value for a semiconductor 
ferroelectric material. 
 
 
Figure 56. Time dependence of the current collected after the BTNNO film was poled by 
+25 V pulse. The laser (532 nm) was turned on at ~50 s (marked as “ON” on the graph). 
  
 The measurements of the photovoltaic effect (Iph-V characteristics) were 
conducted in both “single-pad” and “double-pad” geometries for the unpoled (as grown) 
and poled regions in the BTNNO thin films. Although growth conditions were carefully 
optimized for the deposition of smooth and well-conducting top (ITO/Au) and bottom 
(La0.7Sr0.3MnO3) electrodes, there was still a spossibility for a non-Ohmic junction 
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appearance, which could potentially shift the Iph-V curve (diode-like behavior, non-
switchable). Therefore, in addition to the single-pad measurements, the photovoltaic 
measurements in the double-pad geometry were carried out in order to compensate for 
the possible junction-mediated photovoltage in a symmetric contact geometry. For the as-
grown BTNNO film, a negligibly small shift of the photocurrent dependence from the 
center of the plot as compared to the dark current was observed, making us to conclude 
that the BTNNO films grow without a preferred direction of the ferroelectric polarization, 
which correlates with the partially relaxed state of the film. The investigation of the effect 
of poling of the BTNNO thin films on the short-circuit photocurrent (Isc) was carried out 
under the illumination using the 476-nm and 532-nm lasers. After the sample was poled 
(+25 V pulse, 100 s), the photovoltaic current was collected parallel to the ferroelectric 
polarization direction in the double-pad geometry. A typical time dependence of the 
current is shown in Figure 56, where the very first jump of the photocurrent results from 
the pyrocurrent effect (such as in [60], Figure 4). The I-V curve was collected only after 
the current became steady-state. A typical room-temperature steady-state photovoltaic 
current value was 0.3-0.5 µA/cm2 for the wavelengths used, being of the same order of 
magnitude as reported for BiFeO3 when 532 nm laser was used [76]. Periodic “on”/”off” 
switching of the illumination resulted in the abrupt drop and reappearance of the 
photocurrent without any significant current relaxation.  
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Figure 57. I-V characteristics of the BTNNO film measured under illumination (colored 
curves) and in dark (black curves). The photocurrent was collected both after positive 
and negative poling. The I-V was collected starting from 0 V, then to +Vmax, down to –
Vmax, then back to 0 V. 
 
 Figure 57 shows I-V characteristics of the BTNNO thin film in the double-pad 
geometry under illumination (532 nm), where a clear switchable photovoltaic effect is 
present. Typical open-circuit photovoltages (Voc) reach ~0.2 V for ~260 nm of the total 
thickness of BTNNO, which corresponds to the normalized value of ~8 kV/cm. It is 
important to note that this value is much larger than the Voc of BiFeO3 (band gap is 2.2 
eV) single crystal (~60 µm thick) illuminated using a similar wavelength [76] and very 
close to the values of 0.2-0.3 V reported for BiFeO3 thin films (150-400 nm) [156-158]. 
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Figure 58. Ferroelectric switching of the 130-nm BaTiO3 film in the double-pad 
geometry.  
 
 The comparison of the ferroelectric behavior between BaTiO3 and BTNNO thin 
films requires a sophisticated study, which has not been made in this work. However, a 
few BaTiO3 thin films were grown by PLD for PV measurements, and this comparison 
work is ongoing (Figure 58).  
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Figure 59. (a) Time dependence of the current collected after the BaTiO3 film (320 nm of 
the total thickness measured) was poled by +25 V pulse. The laser (532 nm) was turned 
on at ~80 s. (b) I-V characteristics of the same film measured under illumination (colored 
curves) and in dark (black curves). The inset in (b) shows enlarged part of the I-V curve 
with open-circuit voltage and short-circuit current. 
  
 In Figure 60 poled BaTiO3 films grown on LSMO/SrTiO3(001) under the same 
laser illumination of twice as much intensity exhibit a noticeably smaller photovoltaic 
current of ~0.02 µA/cm2, while Voc, negative = -0.15 V and Voc, positive = 0.02 V (average 
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photovoltage is then < ~0.07 V)  (Figure 59). Although typical BaTiO3 single crystals are 
visibly transparent, thin films of BaTiO3 can still absorb light in visible range of spectrum 
due to the presence of oxygen vacancies. For example, BaTiO3 single crystals showed 
optical absorption peaks at 460 and 510 nm when the sample was anodically reduced 
[159], the origin of which can be related either/both to the appearance of Ti2+ or/and 
contribution from native impurity ions such as Ni. Thin films are very susceptible to 
oxygen vacancies and their formation can cause an increase in the visible light 
absorption. The influence of the oxygen vacancies concentration, both “native” and 
related to impurity ions (Ni, Fe, Mn, and others), is not studied in this work and requires 
a separate, dedicated study. 
 
 
Figure 60. Cross-sectional SEM image of the 160-nm-thick BaTiO3 sample.  
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 Bulk photovoltaic effect is identified as a phenomenon linearly dependent on the 
light intensity. Such a linear dependence took place for the BTNNO thin films (Figure 
61), further indicating that the photovoltaic effect originates from the ferroelectric 
polarization of the films. 
 
 
Figure 61. (a) I-V curves measured under different intensities. (b) The dependence of the 
photovoltaic current (at 0 V) on the intensity of the laser (476 nm). The values for the 
photovoltaic current are taken as averaged between the two upper and lower points of 
the I-V loop at 0 V. The error bars represent half the distance between the upper and 
lower points. 
 
 An important peculiarity of the BTNNO material is a hysteretic behavior of the I-
V, both for the films and the bulk material. This behavior has not been reported for 
BaTiO3 or BiFeO3 and signifies a strong capacitance contribution to the current. Since 
BTNNO thin films should contain some amount of oxygen vacancies, it is possible that 
their migration upon sweeping the voltage has a significant contribution to the capacitive 
behavior [149, 160]. The role of oxygen defects, which can possibly appear in such a film 
[149], is not clear at this stage and should be clarified in further studies. 
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 In conclusion, a new semiconductor ferroelectric material that absorbs light with 
energies has been prepared following the strategy of oxygen-vacancy-mediated 
reconstruction of the electronic band of BaTiO3. Thin films of BaNi0.5Nb0.5O3-doped 
BaTiO3 combine both a broad-spectrum absorption down to 1 eV and strong ferroelectric 
properties at room temperature. Epitaxial thin film growth of the new material can be 
performed similarly to the growth the parent BaTiO3, allowing for its potential use as an 
epitaxial semiconductor ferroelectric layer in photovoltaic heterostructures and 
superlattices, or as a substitute for the ferroelectric BaTiO3 layer in optical devices. 
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK 
 In this work atomic layer deposition (ALD) has been demonstrated as a viable 
route for producing high-quality epitaxial BiFeO3 thin films via a two-step process (low-
temperature ALD growth and post-deposition annealing), thus offering an inexpensive 
alternative to physical vapor deposition techniques. Using ALD approach it is possible to 
overcome the issue of significant Bi volatilization observed during high-temperature 
deposition (for example, in PLD [117]) owing to low temperature deposition and a short 
time of thermal annealing.  
 The in situ study of epitaxial crystallization of BiFeO3 on different perovskite 
substrates implies that the annealing of ALD-grown perovskite films leads to the 
epitaxially strained state only in the case of a small lattice mismatch (less than ~1.5%). 
This work demonstrates that the crystallization from the amorphous into the epitaxial film 
can act as the degree of freedom for engineering its epitaxial strain state. This is 
particularly important for enabling a low-temperature route to functional epitaxial films 
and realization of their strain-mediated polymorphism using ALD. BiFeO3 has a 
polarization value at least twice as much as that of Pb(Zr1-xTix)O3, which is currently 
used in ferroelectric random access memories (FeRAM), but its implementation in 
FeRAM architectures as a nanocapacitor is limited by the absence of the required, 
technologically scalable deposition technique [161]. ALD production of BiFeO3 can 
greatly improve the FeRAM density and allow for different 3D capacitor architectures to 
be made.  
 The study of the impurity phases and their crystallization was an important part of 
the dissertation. Sillenite is regarded as a major parasitic phase during the synthesis of 
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BiFeO3 and was found in the ex situ annealed films. In Bi-rich films the β-Bi2O3 
polymorph, presumably doped by Fe, was found in the temperature range of 400-625°C 
on SrTiO3. When the substrate was changed to the fluorite YSZ, the crystallization of 
epitaxial (111) δ-Bi2O3 instead of the sillenite was observed. It is demonstrated that 
during the ALD growth as well as the annealing of as-grown films the formation of 
metastable oxides can take place via the epitaxial stabilization mechanism, which plays 
an important role in the phase content of the films. These results are paramount for 
choosing proper thermal treatment of the ALD-grown Bi-Fe-O and subsequent synthesis 
of phase-pure epitaxial BiFeO3.  
 In the second part of the dissertation the growth and structural characterization of 
KNbO3-based thin-film materials is provided and the difficulty in the potassium 
stoichiometry control is addressed in details. According to thorough structural and 
chemical composition analyses, the homogeneity region for perovskite phase on the K2O-
Nb2O5 phase diagram is increased in the case of thin films, which happens presumably 
due to epitaxial stabilization. However, despite the crystallinity perfection, the films did 
not show ferroelectric switching due to high leakage currents, implying that the 
stoichiometry fluctuations during growth (although preserving the perovskite structure) 
significantly alter the electronic properties of films and cause excessive leakage. 
 By introducing Ni2+-O vacancy pairs in the ferroelectric BaTiO3, a significant 
increase of the optical absorption was observed. Using PLD, thin films of the new oxides 
were developed despite significant challenges of the stoichiometry control. The chemical 
doping approach to the reduction of the band gap was also used to develop new visible-
light-absorbing ferroelectric thin films based on BaTiO3. These materials showed a 
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switchable photovoltaic effect under the visible light illumination along with the retention 
of the ferroelectric order above room temperature. 
 
Future work 
 Following the results on the atomic layer deposition of complex oxides described 
in this dissertation, there are many research directions for future work. Some examples 
are: 
1. Using ALD approach for the synthesis of other heteroepitaxial functional oxide films 
such as Pb(Zr1-xTix)O3, BaTiO3 and CoFe2O4.  
2. Growth of complex oxide superlattices such as (BiFeO3)n/(BaTiO3)m. Investigation of 
the short-time annealing (or rapid thermal annealing) on the phase crystallization, cation 
intermixing at the interface between the two phases and the formation of impurity phases. 
3. Growth of ultra-thin complex oxide layers on high-aspect-ratio materials (mesoporous 
materials, nanowires, metamaterials). 
 
 In the field of photovoltaic ferroelectrics and their thin films, the important 
research directions are: 
1. Search for more efficient “chemical doping” approaches towards changing the bandgap 
of the parent ferroelectrics using other transition metal cations and combinations thereof.  
2. Investigate the light absorption and general photovoltaic performance in thin films of 
conventional ferroelectrics such as PZT, BaTiO3 and BiFeO3 when the controlled oxygen 
deficiency is introduced directly during the growth. 
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3. Study photovoltaic performance of the “unconventional” ferroelectrics (and non-
centrosymmetric structures in general) such as those based on K3Fe5F15, hexagonal 
RMnO3 (R- rare earth), polar hexaferrites, and others.  
4. Prepare and study specific superlattices, where the alternation of the layers of visible-
light-absorbing materials is designed to be polar. 
 
 
 
112 
APPENDIX 
 
1. Recipe for Bi-O growth. 
 Table below shows a typical recipe for the growth of Bi-O film. The number N is 
the number of cycles, which is directly proportional to the film thickness. 
 
Table 2. ALD recipe for the growth of Bi-O film. 
Step Action Command Parameter A Parameter B 
0 Set flow flow  15 
1  wait  20 
2 Ozone Pulse for 0.5 s pulse 3 0.5 
3 Purge for 15 min wait  15 
4 Repeat from Step 2 for 5 times goto 2 5 
5  wait  15 
6 Bi(mmp)3  pulse for 0.25 s pulse 4 0.25 
7 Purge for 5 s wait  5 
8 Ozone Pulse for 0.5 s pulse 3 0.5 
9 Purge for 10 s wait  10 
10 Repeat from Step	8	for	2	times goto 8 2 
11 Purge for 10 s wait  10 
12 Repeat from Step 6 for N times goto 6 N 
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2. Recipe for Fe-O growth. 
 Table below shows a typical recipe for the growth of Fe-O film. The number N is 
the number of cycles, which is directly proportional to the film thickness. 
 
Table 3. ALD recipe for the growth of Fe-O film. 
Step Action Command Parameter A Parameter B 
0 Set flow flow 
 
20 
1  wait  
20 
2 Ozone Pulse for 0.5 s pulse 3 0.5 
3 Purge for 10 s wait 
 
10 
4 Repeat from Step 2 for 5 times goto 2 5 
5  wait  
15 
6 Exposure mode "ON" stopvalve 
 
0 
7 Fe(cp)2  pulse for 0.3 s pulse 0 0.3 
8 Exposure for 5 s wait 
 
5 
9 Exposure mode "OFF" stopvalve 
 
1 
10 Purge for 5 s wait 
 
5 
11 Ozone Pulse for 0.5 s pulse 3 0.5 
12 Purge for 5 s wait 
 
5 
13 Repeat from Step 6 for N times goto 6 N 
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3. Recipe for Bi-O growth. 
 Table below shows a typical recipe for the growth of Bi-Fe-O film. The number N 
is the number of supercycles and is directly proportional to the film thickness. 
 
Table 4. ALD recipe for the growth of Bi-Fe-O film. 
Step Action Command Parameter A Parameter B 
0 Set flow flow  20 1  wait  20 2 Ozone Pulse for 0.5 s pulse 3 0.5 
3 Purge for 5 s wait  5 4 Repeat from Step 2 for 5 times goto 2 3 
5  wait  5 6 Purge for 3 s wait  3 7 Purge for 1 s wait  1 8 Exposure mode "ON" stopvalve  0 9 Fe(cp)2  pulse for 0.3 s pulse 0 0.3 
10 Exposure for 5 s wait  5 11 Exposure mode "OFF" stopvalve  1 12 Purge for 5 s wait  5 13 Ozone Pulse for 0.5 s pulse 3 0.5 
14 Purge for 10 s wait  10 15 Repeat from Step 7 for 10 times goto 7 10 
16 Purge for 2 s wait  2 17 Bi(mmp)3  pulse for 0.25 s pulse 4 0.25 
18 Purge for 5 s wait  5 19 Ozone Pulse pulse 3 0.5 
20 Purge for 10 s wait  10 21 Repeat from Step 19 for 2 times goto 19 2 
22 Purge for 10 s wait  10 23 Repeat from Step 17 for 2 times goto 17 2 
24 Repeat from Step 6 for 2 times goto 6 N 
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4. Coefficients for the Tauc-Lorentz oscillators derived from the fitting of the 
spectroscopic data for the BTNNO pellet. 
 
 
Figure 62. Tauc-Lorentz oscillators and their coefficients obtained in the fitting of the 
spectroscopic ellipsometry data. 
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5. Matlab script for piezoelectric loop extraction and plotting (curtesy of Zongquan Gu) 
Input data for this script are initially extracted as outputs from the Matlab-processed BE 
PFM results (coefficients are a1…a4, b1…b4, voltage is given by VV). 
const_matrix_size=size(a1); 
VV_matrix_size=size(VV); 
b5=0.001; b6=0.001; 
for i=1:const_matrix_size(1) 
    for j=1:const_matrix_size(2) 
        for k1=1:const_matrix_size(3) 
            for k2=1:VV_matrix_size(1) 
                sigma1(i,j,k1,k2)=.5*(b2(i,j,k1)-
b1(i,j,k1))*erf((VV(k2)-a3(i,j,k1))/b5)+... 
                    .5*(b2(i,j,k1)+b1(i,j,k1)); 
                sigma2(i,j,k1,k2)=.5*(b3(i,j,k1)-
b4(i,j,k1))*erf((VV(k2)-a4(i,j,k1))/b6)+... 
                    .5*(b3(i,j,k1)+b4(i,j,k1)); 
                gamma1(i,j,k1,k2)=a1(i,j,k1)+(a2(i,j,k1)-
a1(i,j,k1))*(sigma1(i,j,k1,k2)/(b2(i,j,k1)+... 
                b1(i,j,k1))*erf((VV(k2)-
a3(i,j,k1))/sigma1(i,j,k1,k2))+b1(i,j,k1)/(b2(i,j,k1)+b1(i,j,k1)))+a5(i
,j,k1)*VV(k2); 
                gamma2(i,j,k1,k2)=a1(i,j,k1)+(a2(i,j,k1)-
a1(i,j,k1))*(sigma2(i,j,k1,k2)/(b3(i,j,k1)+... 
                b4(i,j,k1))*erf((VV(k2)-
a4(i,j,k1))/sigma2(i,j,k1,k2))+b4(i,j,k1)/(b3(i,j,k1)+b4(i,j,k1)))+a5(i
,j,k1)*VV(k2); 
            end 
        end 
    end 
end 
for i=1:const_matrix_size(1) 
    for j=1:const_matrix_size(2) 
        for k=1:VV_matrix_size(1) 
            gamma1_average(i,j,k)=sum(gamma1(i,j,:,k))/3; 
            gamma2_average(i,j,k)=sum(gamma2(i,j,:,k))/3; 
            if isnan(gamma1_average(i,j,k))==1 
                gamma1_average(i,j,k)=0; 
            end 
            if isnan(gamma2_average(i,j,k))==1 
                gamma2_average(i,j,k)=0; 
            end 
        end 
    end 
end 
for i=1:15 
    for j=1:15 
        a(i,j)=max(squeeze(gamma1_average(i,j,:))); 
        b(i,j)=min(squeeze(gamma2_average(i,j,:))); 
        c(i,j)=a(i,j)-b(i,j); 
    end 
end 
figure();imagesc(1:15,1:15,c)  
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